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ABSTRACT
Johari, Rizal Ph.D., Purdue University, December 2014. Analysis and Practical Considerations in Implementing Multiple Transmitters and Receivers for Wireless Power
Transfer via Coupled Magnetic Resonance. Major Professor: James V. Krogmeier.
The technology to wirelessly power mobile devices has started to gain momentum especially in industry. Cables have started to become the thing of the past as
both wireless power eﬃciency and communication speeds become viably attractive.
The ﬁrst part of this work gives analysis and practical considerations in implementing multiple transmitters for wireless power transfer via coupled magnetic resonance.
Through the multiple transmitter scheme, there is an increase in gain and diversity
of the transmitted power according to the number of transmit coils. The eﬀect of
transmitter resonant coil coupling is also shown. Resonant frequency detuning due
to nearby metallic objects is observed and the extent of how much tuning can be
done is demonstrated. A practical power line synchronization technique is proposed
to synchronize all transmit coils. This reduces additional dedicated synchronization
wiring or the addition of an RF front end module. The second part of this study introduces a time division multiplexing (TDM) technique for tightly coupled receivers
via the same method of coupled magnetic resonance. Two or more receivers can be
powered simultaneously using a single transmit coil. In a tightly coupled receiver
scenario, the received power is signiﬁcantly reduced. Experimental and simulation
results implementing TDM show vast improvements in received power in the tightly
coupled case. Resonant frequency splitting is eliminated through synchronized detuning between receivers, which divide power equally between receivers at speciﬁc time
slots. The last chapter gives insight on the capacity of a single-input single-output

xiii
system at varying distances between receiver and transmitter. It is shown that the
highest information rate is achieved at critical coupling.

1

1. INTRODUCTION
1.1

Introduction to wireless power

Fig. 1.1. The inductive wireless power transfer method

Wireless power transfer is described as the transmission of electrical energy from
a power source to a load without the use of a physical connection. An example of
an early product which utilized inductive or magnetic ﬁelds to transfer power is the
electric tooth brush. Even though the distance has to be very close between receiver
and transmitter, it provides an enclosed casing which prevents accidental electric
shock due to water seepage. One can think of an air coil transformer with a primary
and secondary winding. Instead of having a ferrite core to help concentrate magnetic
ﬁelds, the design of the product requires very close distances to ensure a high coupling
coeﬃcient. The problem with inductive transfer is primarily due to the requirement
of having very close distances between receiver and transmitter. Fig. 1.1 shows a
basic diagram of an inductive wireless charging system.
A lot of progress has been made to increase distance, eﬃciency and orientation
ﬂexibility through diﬀerent approaches or technologies. They include laser, radiowave,
capacitive coupling, and in this work, coupled magnetic resonance. The advantages
of using laser or radiowave transmissions is the ability to transmit power at very

2
long distances. However, it requires a very complex tracking algorithm because lineof-sight is needed and can be easily obstructed by buildings, trees, etc. Capacitive
coupling on the other hand behaves similarly to the inductive method but requires
dangerously high voltage swings in terms of electric ﬁelds which can harm living organisms. Magnetic ﬁelds on the other hand does not react to human or animal tissue,
which behaves like water content with extremely low interactions. Most, if not all
consumer devices that have wireless power capabilities, use magnetic ﬁeld induction
as the transfer technology. In this work, a coupled magnetic resonance method is
used as it enables medium range transfer distances and orientation ﬂexibility at a
much lower coupling coeﬃcient between transmitter and receiver when compared to
the inductive method.

1.2

Coupled magnetic resonance
The concept of coupled magnetic resonance is the addition of extra resonant coils

at each transmitter and receiver units depicted in Fig. 1.2. Its resonance is tuned to
the same source frequency. Coupled magnetic resonance is an inductive type coupling
system which uses the resonant coil as the main point of interaction between source
and load.

Fig. 1.2. An illustration explaining the concept of coupled magnetic resonance

3
1.3

Practical considerations for wireless power transfer using multiple
transmitters
Recently, there has been signiﬁcant interest in eﬃcient medium-range wireless

power transfer for powering and/or charging future personal electronic devices. Systems that allow short-range powering and charging are already commercially available and research challenges remain in extending the range and improving the power
transfer eﬃciency. Researchers have demonstrated that inductive coupling between
low-loss resonant coils allows signiﬁcant power to be transmitted with high eﬃciency
over distances on the order of a few times the radius of the transmit coil [3], [4]. The
single transmitter (TX) and single receiver (RX) demonstration system consists of
four coils, two at the TX and two at the RX. The two coils at the power transmitter
consist of a source coil and a resonant coil. Similarly, the two coils at the power
receiver consist of a resonant coil and a load coil.
Applications for medium range wireless power transfer could include a wide range
of areas, among them are wireless controlled robots, RFID based systems [8], electric
vehicle charging [10], charging mobile devices and biomedical implants [8], [15]. Different system conﬁgurations such as a multiple receiver setup where a single transmit
coil powers several loads have been discussed in [6], [9]. The coupling coeﬃcients
linking each resonant coil, which corresponds to the geometry, angle and distance
between coils play an important role in transmission eﬃciency. Reference [16] introduces an adaptive frequency technique to ensure maximum power transfer eﬃciency
within an overcoupled region where frequency splitting occurs. In [17], the distance
between TX/RX coil pairs are adjusted to keep an eﬀective ‘matching condition’.
Power transfer eﬃciency for multiple transmitters in a ﬁxed position surrounding
the load is investigated by [14]. Their test case shows a theoretical bound on power
transfer eﬃciency for the 2 TX and 1 RX case. Eﬀect of coupling between multiple
transmitters or receivers for the single resonant source/load coil conﬁguration is discussed in [11]. Multiple transmitters using an optimized structure is used by [25] to
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maximize coupling between TX and RX for a free-positioning planar system. Coupled magnetic resonance can further be extended to increase the operating distance
by introducing relays [5], [7], [12]. An increased gain is seen at further distances due
to eﬃcient wireless energy transfer between relay coils.
References [3]- [7] use coupled mode theory (CMT) as an analytical framework to
model resonant energy exchange. Our work relies on basic circuit theory to model the
resonant energy transfer, as also done in [9]- [19]. As proved in [21], both frameworks
result in the same set of equations in steady state and are applicable for both short
and midrange coupling conditions.

1.4

Time division multiplexing for tightly coupled receivers
The adoption rate for wireless charging applications have increased exponentially

with major cell phone manufacturers adopting the Qi wireless power standard [35].
The capability of charging devices seamlessly by simply placing it on a table at a designated charging area seems very desirable and simple. As more devices incorporate
the ability to charge wirelessly, there is a need for charging devices simultaneously
using the same power source (TX). However, there are certain issues when multiple
receivers are clumped closely together. Coupling between receivers induce frequency
splitting and ultimately reduces the eﬃciency and power received. A practical time
division multiplexing (TDM) technique is proposed to eliminate receiver coupling.
A circuit model using a one transmit and two receive coil setup is developed and
compared to the experimental measurements. Resonant frequency splitting is eliminated through synchronized detuning between receivers. Equal power is distributed
between receivers at their own unique receiver time slot.
Methods for enhancing charging distance face numerous challenges, especially
when charging multiple devices. To increase freedom of movement, an extra resonator
coil is placed at both transmitter (TX) and receiver (RX) [3]. This technique increases
the Q-factor of the resonator coil by separating the source and load impedances to
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generate increased current ﬂow. However, this increases the resonator coil’s sensitivity to nearby equivalent resonators. The transfer function of the system operates in a
narrow frequency range due to the coil’s high Q properties. Slight shifts in the coil’s
inductance can dramatically reduce received power. This applies to both TX and RX
coils.
Practical applications for a multiple receiver case include powering and/or charging multiple mobile devices simultaneously. Devices include cell phones, tablets, laptops, biomedical equipment, etc. The ability to operate with loosely coupling conditions enable the possibility of placing physical charging pads obscurely underneath
tables, behind walls, or under concrete. This helps reduce clutter and adds mobility improvements in terms of device orientation and charging area. The concept of
coupled magnetic resonance (CMR) was ﬁrst introduced in [3], [4]. Work in [9] discussed multiple receiver frequency splitting when two receivers are tightly coupled.
Reference [11] discusses a general framework for the behavior of multiple transmitter
and receiver coupling. CMR has already been used in a wide array of applications
including charging electric vehicles [18], biomedical implants [15], and wireless power
transfer relays [5] to powering sensors in nuclear waste management [31].
Early research [16], [19], [32], [13] mostly concentrated on single transmit and single receive, i.e., single-input single-output (SISO), applications to improve power and
eﬃciency with respect to tight, loose or critical coupling. There has been increased
interest in incorporating multiple transmitters [1] and receivers [30] which add the
beneﬁts of increased power, diversity, and simultaneous powering capabilities. An
overview of multiple receiver concepts is found in [33].
The two receiver case with tight coupling, corresponding to very close distance
between receiver coils, experiences a reduction in induced current due to opposing
magnetic ﬂux cancellation in both coils. The eﬀective mutual inductance results in
frequency splitting aﬀecting both eﬃciency and power transfer functions. A time
division multiplexing (TDM) technique is introduced to improve power transfer at
positions that exhibit very tight coupling and is activated to allow charging at one
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receiver during its exclusive time slot. This is achieved by detuning the neighboring
coil and is electrically invisible to the system. The WPT system used in this work
uses TX and RX coils that are resonantly tuned to the driving frequency. Work
in [30] uses a multiple receiver setup that has diﬀerent receiver coil resonance and
shows that the eﬃciency follows the receiver’s characteristics regardless of the TX.
However, the amount of power transferred is severely limited if the TX coil resonance
characteristics do not match the source frequency.
The A4WP group [34] has demonstrated CMR-type, i.e., loose coupling between
TX and RX concepts and can support up to three devices simultaneously. Minimizing
coupling between CMR receiver devices becomes important when compared to a nonresonant or single resonant coil method. Using TDM, the number of devices in close
proximity being charged can be increased, at the expense of a penalty incurred in
transmitted power due to time allocation between devices. Enhancements can be
made such that only tightly coupled RX devices undergo TDM while devices being
loosely coupled are charged simultaneously.

1.5

Future Work: Simultaneous power and information transfer tradeoﬀ
analysis
Interest in wireless power and information transfer has increased signiﬁcantly. Ex-

tensive research studies are being done to improve wireless power transfer while also
having the ability to communicate using the magnetic coupling channel between the
power source and receiving device. Due to the various needs of having improved power
eﬃciency and spatial freedom in terms of distance and orientation, a number of wireless power transfer schemes have been developed. They include inductive , resonantinductive and coupled magnetic resonance inductive charging systems. There are
tradeoﬀs to the various wireless power transfer schemes that are in existance today.
All of the schemes have been deisgned for optimal wireless power transfer and not
many have studied the information rate associated with such schemes. Concessions
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can be made to reduce power transfer with the intent of increasing information rate.
The capacity for the single-input single-output coupled magnetic resonance system is
studied at diﬀerent coupling distances.
One can take a power-centric approach of focusing only on increased power transfers with reduced communication. There is a tradeoﬀ between having maximum
transferred power with the information rate as power transfer is maximized at the
single sinusoidal resonant frequency. The size of the bandwidth is inversely proportional to the amount of power transferred. Early work done by [36] was the ﬁrst
to consider the problem of information and power transfer tradeoﬀs of an inductively coupled system. If a system is ran at near capacity, security measures that
can detect eavesdropping through detuning was discussed by [41]. Capacity and link
budget analysis at diﬀerent Q values for the transmitter and receiver for an inductive
communication system was explained in [42]. The inductively coupled wireless power
system is modeled as a frequency selective channel with additive white Gaussian noise
(AWGN). The frequency selective channels are based on the eﬃciency function of the
system and are chosen to have small bandwidth bins. It is shown in this work that
the highest information rate is achieved at critical coupling.

1.6

Organization
This dissertation is organized as follows. In Chapter 2, analysis and practical con-

siderations in implementing multiple transmitters is described. The basic principles
and framework for a two transmitter and one receiver case is explained in Section 2.1.
In Section 2.2, the transfer function for the multiple transmitter case is simulated
and compared with actual measurements. Eﬀects of transmitter resonant to resonant
coupling are analyzed in Section 2.3. Section 2.4 explains the diversity eﬀect and is
shown by incidental resonant frequency shifts due to nearby metallic objects. The
last part of Chapter 2 gives details of a practical synchronization technique via power
line communications including its beneﬁts.
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Chapter 3 describes a time division multiplexing wireless power transfer method
for tightly coupled receivers. An introduction to multiple receivers is discussed in
Section 3.1. Section 3.2 describes the basic principles and framework for TDM and
a one transmitter and two receiver WPT setup. In Section 3.3, the initial proofof-concept was simulated using Advanced Design System (ADS) before beginning
experimental work. The TDM implementation circuitry and concept is presented
in Section 3.4. Section 3.5 presents simulation and experimental results with and
without TDM implementation including strategies for determining when to activate
TDM. Lastly, Section 3.6 discusses TDM enhancements and future work.
Future work regarding tradeoﬀ analysis of simultaneous power and information
transfer is discussed in Chapter 4. To conclude, Chapter 5 provides a summary of all
the work done.
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2. ANALYSIS AND PRACTICAL CONSIDERATIONS IN
IMPLEMENTING MULTIPLE TRANSMITTERS
2.1

Multiple transmitter system overview
Diﬀerent scenarios constitute diﬀerent setups in a wireless power transfer scheme.

The focus in this chapter is to utilize more than one TX coil pair for added gain and diversity beneﬁts. There are certain challenges when using multiple coils which include
signal synchronization and coupling between multiple transmitters. By increasing
the number of transmitters, power transfer reliability and gain can be improved while
also regulating the amount of power being sent through free space. Metal object
interference or the ability to uniformly send power over a wide area can be supported
by having synchronized transmitters.

Fig. 2.1. Two transmitter and one receiver experimental setup.
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Fig. 2.1 illustrates the experimental setup for 2 TX pairs and one RX pair. This
setup assumes loose coupling between both TX coils and also the RX pair coils. If the
TX and RX coils are tightly coupled, frequency splitting occurs and would degrade
the eﬃciency of the system. Frequency adaptation [16], variable coupling between coil
pairs [17], matching networks [26] or antiparallel resonant loops [27] could be used to
improve eﬃciency at these distances. These techniques can be used in the multiple
transmitter case considering loose coupling between transmitter resonant coils and
equal distance between both TX and RX coils.
Source voltages VS1 and VS2 in Fig. 2.1 are sinusoidal signals with equal magnitude
and phase. A total of 6 inductor coils labelled L1 through L6 with radii of 0.057 m
were constructed using AWG14 copper magnet wire. The resonator coils in this
setup have 5 turns each. For simplicity, the source and load coils consist of only
1 turn. The distances, d12 , d34 , and d56 between coil pairs were set at 0.04 m. The
transmitters were placed at a distance, d25 = d45 = 0.35 m away from the receiver with
angular separation of 45◦ . Resistances R1 through R6 are the coil’s ohmic resistance at
resonance. RS1 and RS2 represent the source resistances and RL is the load resistance.
The resonant coils L2 , L4 , and L5 were terminated with lumped capacitors C2 , C4
and C5 , whose values were chosen such that the resonant frequencies
1
√
(2.1)
2π LC
were all equal. It is important that the driving signals at each source be synchronized
f0 =

with the same frequency and phase in order to avoid severe power ﬂuctuations at
the receiver. Capacitances C2 , C4 and C5 are the sum of parasitic capacitance (CP )
between the turns of the multi-turn resonant coils and lumped capacitance (CL )
included for tuning the resonant frequency (Ci = Ci,P + Ci,L , for i = 2, 4, and 5).
Since the resonant coils were designed to have high Q, it is important to account for
parasitic capacitance. Small oﬀsets of 1 – 2 pF (parasitics) can cause a resonant shift
of approximately 70 – 150 kHz and with a very narrow bandwidth even the slightest
shift can degrade performance. The parasitic capacitance for coils L1 , L3 and L6 are
neglected since they have but a single turn.The resonator coils L2 , L4 , and L5 have the
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same nominal inductances since they are identically fabricated. The coils were tuned
to the selected driving frequency of 8.4 MHz by adjusting the lumped capacitors Ci,L .
Assuming sinusoidal steady state excitation the phasor voltage across the k-th coil

Fig. 2.2. A picture of the 2-TX and 1-RX wireless power transfer
system experimental setup.

can be written as Vcoil,k = jωΔk where
Δ k = Lk I k ±



Mk,l Il

(2.2)

l=k

is the total ﬂux linking the turns of the k-th coil, Mk,l represents the mutual inductance between coils k and l, and Il is the phasor current in the l-th coil. Mk,l
can be expressed in terms of the coupling coeﬃcient kk,l and self inductance of the
corresponding loops Lk and Ll as such
Mk,l = kk,l


Lk L l

(2.3)
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With the above constitutive equations and Kirchoﬀ’s voltage law taken at each loop
as depicted in Fig.2.1, one can solve for phasor currents as the product of the inverse
of the impedance matrix times a source voltage column vector:
⎡
⎤
⎤
⎡
I1
VS1
⎢
⎥
⎥
⎢
⎢ I2 ⎥
⎢ 0 ⎥
⎢
⎥
⎥
⎢
−1 ⎢ V
⎢ I3 ⎥
⎥
S2
⎢
⎥
⎥ = {Zk,l }
⎢
1≤k,l≤6
⎢ I ⎥
⎢ 0 ⎥
⎢ 4 ⎥
⎥
⎢
⎢
⎥
⎥
⎢
⎣ I5 ⎦
⎣ 0 ⎦
I6
0

(2.4)

The individual impedances (Zk,l ) are given by
Z11 = jωL1 + RS1 + R1
Z22 = jωL2 + R2 +

1
jωC2

Z33 = jωL3 + RS2 + R3
1
jωC4
1
= jωL5 + R5 +
jωC5

Z44 = jωL4 + R4 +
Z55

Z66 = jωL6 + R6 + RL

(2.5)

with Zk,l = Zl,k = jωMk,l for k = l with the exception of Zx,y = Zy,x = −jωMx,y
for {x, y} = {1, 3}, {1, 4}, {2, 3} and {2, 4}. Please note that Equation (2.4) is not
simpliﬁed and represents a complete general solution for ﬁnding the corresponding
loop current. No simplifying assumptions were made for (2.4) except that the system
being linear and time invariant. The result of Equation (2.4) is the superposition
for each transmit source with a Z impedance matrix representing all coil interactions
detailed in (2.6).
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Fig. 2.3. Transfer Function |VL /Vs | (dB) for simulated (complete and
simpliﬁed) and experimental measurements for two and one transmitter setups.
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The magnitude of the load voltage is |VL | = |RL I6 | and we wish to compute and
compare transfer functions from inputs to the load for both the SISO and MISO case.
For simplicity, we assume VS1 = VS2 = VS for the MISO case. For the SISO case we
can assume without loss of generality that VS1 = VS and VS2 = 0. In either case we
plot transfer functions |VL /VS | (dB) vs. frequency.
Solving for I6 explicitly from (2.4) results in a very complicated expression. To
simplify things, with respect to the experimental setup conditions, we can set Z11 =
Z33 due to both source coil’s equal properties. The resonator coils also share the same
characteristics resulting in Z22 = Z44 = Z55 . Cross coupling coeﬃcients are neglected
and are set to zero. This results in a simpliﬁed impedance matrix as stated in (2.7),
⎡
⎤
jwM12
0
0
0
0
Z11
⎢
⎥
Z22
0
0
jwM25
0
⎢ jwM12
⎥
⎥
⎢
⎥
⎢
jwM
0
0
0
0
Z
11
12
⎥
⎢
(2.7)
⎥
⎢
Z22
jwM25
0
0
0
jwM12
⎥
⎢
⎥
⎢
⎣
0
jwM25
Z22
jwM12 ⎦
0
jwM25
0
0
0
0
jwM12
Z66
The above simpliﬁcation gives us a reasonable model of the experimental setup in
Fig. 2.1 where (2.8) is the simpliﬁed equation for I6 . The transfer function for the
MISO case can be obtained through superposition of the two power sources. At
resonance, simulation and theoretical results show no substantial diﬀerence in values
for I6 between the simpliﬁed equation, I6(a) in (2.8) and the exact one, I6 , in (2.4)
when cross couplings are set to zero. The simpliﬁcation model assumes loose coupling
between TX and RX and also both TX.

I6(a) =

2
M25 (AS1 ejθS1 + AS2 ejθS2 )
jw3 M12
(2.8)
4
2
2
2
2
w4 M12
+ Z11 Z66 Z22
+ w2 Z11 M12
Z22 + w2 Z66 M12
Z22 + 2w2 Z11 Z66 M25

Further analysis of (2.8) shows a voltage gain of 2 and a power gain of 4 when
the phasor voltage VS1 = AS1 ejθS1 and VS2 = AS2 ejθS2 are equal in both magnitude
(AS1 = AS2 ) and phase (θS1 = θS2 ). This is a direct result of |VL | = |I6 RL | and
|PL | = |I62 RL | when the current of I6 is doubled. The gain shown above is only true
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Fig. 2.4. Phase oﬀset of 180◦ experiences complete destruction with zero output.

Fig. 2.5. Phase oﬀset of 120◦ results in an equivalent single-input
single-output case in terms of received power.

if the transmitters are synchronized in frequency, phase and amplitude. One can
relate the two synchronized transmitters with a single transmitter but with twice the
amplitude.
In a practical system, input sources could be out of phase. The diﬀerence in
phase, results in a lower transfer function value with the worst case at 180◦ . Total
desctructive combining occurs with a zero output value as seen in Fig. 2.4. If both
transmitters have an oﬀset of 120◦ , the combined output is equivalent of the SISO
case. Fig. 2.5 shows an output with an equal magnitude sinusoid with a ﬁxed phase
oﬀset. If the input signals are completely out of phase, theoretically no power should
be transferred due to complete destructive combining at the receiver. Experiments
conducted by [22] investigates diﬀerent receiver angles for two cases involving in-phase
and out-of-phase input signals that also show the destructive case at a 0◦ receiver
angle.
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2.2

Experimental and simulation results and analysis
Three diﬀerent measurements were taken with both transmit coils turned on and

two measurements taken with the transmit coils turned on individually. This was
done to experimentally determine the gain available from using additional transmit
coils. The experimental setup assumes static transmitter coil positions with distances
large enough to avoid coupling between transmit resonant coils. Fig. 2.2 is an image
of how the experiment was set up.
The experimental results agree well with the theoretical results as shown in Fig.
2.3. As explained in Section 2.1, there is a 6 dB gain in theory provided that both
signals ideally combine coherently at the receiver. Actual transfer function measurements showed a gain of approximately 5.3dB. This 0.7 dB diﬀerence could be due to
small matching errors in the coil resonant frequencies, minor phase delay diﬀerences
between reference signals, and imperfect geometric alignment between transmitter
and receiver.
The use of a voltage transfer function was perferred to the power transfer function
due to the superposition principle in which the voltage received can be added directly.
Previously cited papers [9] and [33] also presented their results in the voltage transfer
function format. However, the paper by Sample et al. [16] converts the voltage transfer function to the linear magnitude scattering parameters (|S21 | due to its connection
with vector network analyzer experimental measurements. The equation used is:

S21

VLoad
=2
VSource

RSource
RLoad

1/2

(2.9)

Speciﬁcally for the multiple transmitter case, the decision to use basic voltage transfer
function is due to its ease of voltage addition and comparison.
The beneﬁts of having multiple transmitters considering hardware limitations
(limited power or size of transmitter) is that one could increase gain or power transfer
area by simply adding extra transmitters. If a larger power transfer area is preferred
rather than gain, extra transmitters could be added such that the power transfer is
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Fig. 2.6. Transfer Function |VL /Vs | (dB) with phase diﬀerences at TX
(θ − θ1 , θ1 = 0◦ , f = 8.4MHz).

combined at the edges to ensure uniform gain distribution. A number of diﬃculties
arise with added transmitters including reference signal synchronization and phase
delays due to diﬀering distances between the transmit power coils and the receiver
coil. It is important to make sure that the shared frequency is locked.
In this work, a master reference signal is shared with the TX coil (slave). This will
ensure a locked frequency with slight phase delays depending on the signal wavelength,
distance and channel characteristics between TX coils. As seen in Fig. 2.6, at 8.4MHz,
a phase diﬀerence of 10◦ between transmitters degrades the voltage transfer function
by only 0.38% or 0.03dB while a 90◦ phase diﬀerence results in a 30% or 2.4dB
degradation experimentally. In theory, if the phase diﬀerence is 120◦ , the results
would be the same as if only one TX was transmitting. For the 180◦ out-of-phase
case, the experimental results show a 99.9% reduction in received voltage which in
theory is 100% reduction at zero volts. In practice, complete destructive combining
is rarely occurs due to minor diﬀerences of the coils Q-factor or resonance, angle
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and distance between both TX to the RX. The simulation results for the simpliﬁed
case (2.8) and the complete case (I6 in (2.4)) are the same and agree well with the
experimental results.
The multiple transmitter setup as shown in Fig. 2.2 uses an on-axis setup where
the TX coils are tilted on-axis facing the receiver. An oﬀ-axis position such as placing
both TX coils in a ﬂat position would provide similar results where the underlying
gain and diversity concepts still hold but with reduced coupling coeﬃcient values
between TX and RX due to angular orientation. The oﬀ-axis case on the other hand
provides a more practical scenario such as embedding transmitters within walls. This
is particularly useful for a uniform power transfer area while the on-axis case is suited
for a localized concentrated power transfer area. Fig. 2.7 illustrates the oﬀ-axis case.
Research using the on-axis case was chosen because of its simpler relationship to the
TX resonant to resonant coupling case when RX and TX angles are reduced from 45◦
to 10◦ without changing its distance.
Table 2.1
Parameter Values
Par.

Value

Par.

Value

Par.

Value

Par.

Value

RS1
RS2
R1
R2
R3
R4
R5
R6
RL

50 Ω
50 Ω
.053 Ω
.265 Ω
.053 Ω
.265 Ω
.265 Ω
.053 Ω
100 Ω

L1
L2
L3
L4
L5
L6
C2
C4
C5

.30 μH
6.10 μH
.30 μH
6.11 μH
6.12 μH
.31 μH
58.9 pF
58.8 pF
58.7 pF

k12
k13
k14
k15
k16
k23
k24
k25
k26

.2
.0001
.0001
.0006
.0005
.0001
.0001
.00064
.0006

k34
k35
k36
k45
k46
k56

.2
.0006
.0005
.00064
.0006
.2
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Fig. 2.7. Oﬀ-axis phased array situtation by rotating TX1 and TX2.

2.2.1

Parameter Values

The parameter values used in the simulations consist of measured and theoretically
calculated values. The self inductances of each coil (L1 to L6 ) were measured using
a Sencore LC102 Capacitor-Inductor Analyzer. The AC resistances of the coils were
based on the standard formula (which accounts for skin eﬀect),

rN ωμ0
R=
a
2σ

(2.10)

where r is the coil radius, N is the number of turns, a is the cross sectional radius of the
wire, ω = 2πf is the angular frequency (here corresponding to the nominal resonant
frequency of 8.4 MHz), μ0 is the magnetic permeability of free space (4π × 10−7 H/m)
and σ is the conductivity of copper (5.813×107 S/m). Total capacitance values C2 , C4
and C5 for the corresponding resonant loop were computed using measured inductance
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values and the formula for resonance in (2.1). The neglected cross coupling coeﬃcients
in the previous section were included in the simulation results for a more accurate
analysis within a wider frequency range. Coupling coeﬃcient values were chosen to
ﬁt the experimental results as was done in [9] and were based on the characteristics
of the coil’s distance between each other and also their angular orientation. Table
3.3 shows the parameter values used in the experiment and simulations. Simulated
SISO conditions for each transmitter were shown in Fig. 2.3 to corroborate the
coupling coeﬃcient values. Another method by [13] measured various S-Parameter
conﬁguration values and were used in Advanced Design System (ADS) to extract the
coupling coeﬃcient parameters.
The parameter values in Table 2.1 can then be used to calculate the eﬃciency
of the experimental setup. At resonance, the power transfer eﬃciency for the two
transmitter case is 10% while the single transmitter case had a 5% eﬃciency. The
eﬃciency in this setup increased two fold for the multiple transmitter case and is
dependent on many factors especially the distance between TX and RX. Keep in
mind that having two transmitters does not guarantee a two fold increase in eﬃciency.
These low power transfer eﬃciencies are primarily due to the distance between TX
and RX operating in the undercoupled region. If operating in the critically coupled
mode (less distance), the experimental setup can achieve up to 70% eﬃciency.

2.3

Eﬀects of transmitter resonant coil coupling
The experimental setup explained in Sections 2.1 and 2.2 assume insigniﬁcant

coupling between transmitter resonant coils. This assumption is acceptable since
having tightly spaced transmitters reduces diversity beneﬁts where a single interfering
metal object could cause simultaneous resonant shifts at both transmitter resonant
coils. Besides diversity degradation, it can be shown that there is a decreasing eﬀect
on the gain as the transmit resonant coils move closer to each other (increasing k24 ).
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Fig. 2.8. Experimental setup for TX resonant to resonant coupling.
Angle between TX and RX is reduced from 45◦ to 10◦ without changing its distance.

Simpliﬁed theoretical calculations of I6 shown in (2.8) neglects the k24 coupling
coeﬃcient which signiﬁes the amount of coupling between transmit resonant coils. To
gauge the eﬀects of having transmitter coupling, the cross coupling coeﬃcient, k24 , of
the resonant transmit coils is added to the impedance matrix (2.7) corresponding to
Z24 and Z42 . For simplicity, similarly to (2.8), cross coupling terms are neglected with
the exception of k24 . Fig. 2.9(a) shows the transfer function as a function of frequency
and coupling coeﬃcient k24 . Simulations indicate a splitting eﬀect as the transmitter
coils are brought closer to each other. The behavior of the splitting occurs diﬀerently
when compared to the multiple receiver case [9] where one of the two peaks remains
at the resonant frequency with the other diverging at a higher frequency. Simulation
parameters were based on the values used in the previous section with a varying k24
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Fig. 2.9. (a) Transfer function |VL /VS | (dB) as a function of frequency and the resonant to resonant transmit coupling coeﬃcient k24
with regards to the simpliﬁed I6(B) equation in (2.13). (b) Simulated
(complete and simpliﬁed) and measured values for the transfer function |VL /VS | (dB) with signiﬁcant resonator to resonator transmitter
coupling (k24 = 0.061)
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coupling term. An increase in the k24 coeﬃcient represents a closer distance between
TX resonant coils. Assuming the magnitude of (2.8) as
|I6(a) | =

|A|
|B|

(2.11)

where A is the numerator and B the denominator of (2.8) . With the addition of the
k24 term, the magnitude of I6 can be expressed as
|I6(b) | =
where C = k24

|A|
|B + C|

(2.12)


2
L2 L4 j(−M12
Z11 w3 − Z11 Z22 Z66 w) is an added imaginary term at the

denominator.

I6(b) =

2
M25 (AS1 ejθS1 + AS2 ejθS2 )
jw3 M12
4
2
2
2
2
w4 M12
+ Z11 Z66 Z22
+ w2 Z11 M12
Z22 + w2 Z66 M12
Z22 + 2w2 Z11 Z66 M25
2
+ M24 j(−M12
Z11 w3 − Z11 Z22 Z66 w)
(2.13)

Equation (2.13) represents the simpliﬁed equation with the added term of k24 .
Since all the terms are non-negative, in order to maximize |I6(b) |, the C term should
approach zero (k24 → 0). A closer look at Fig. 2.9(a) shows that as C becomes much
smaller than B (C  B), the splitting peaks of the transfer function converge towards
the resonant frequency and approaches the maximum value with respect to (2.8).
An experiment was conducted to see if the theoretical and simulation results
would match experimental data. The setup in Fig. 2.2 was slightly modiﬁed by
moving the transmitter resonant coils closer while maintaining the same distance
between TX and RX as shown in Fig. 2.8. Only the angle between both TX and RX
coils were minimized from 45◦ to approximately 10◦ without changing any distance
between coils. Coupling coeﬃcient values between TX and RX diﬀer by multiplying
an α = cos(θ)/ cos(45◦ ) factor given the known k(tx,rx,45◦ ) values used in Table 2.1.
The following equation is used for the TX and RX coupling coeﬃcients:
k(tx,rx,θ) = α k(tx,rx,45◦ ) =

cos(θ)
cos(45◦ )

k(tx,rx,45◦ )

(2.11)
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Coupling coeﬃcients k12 , k34 , and k56 remain the same while transmitter to transmitter coupling coeﬃcients k13 , k24 , k23 and k14 has values of .001, .061, .055 and .055
respectively. Table 2.2 shows the coupling coeﬃcient values for the TX resonant to
resonant coupling experiment.
Table 2.2
Coupling Coeﬃcients for the TX-TX Coupling Experiment
Par.

Value

Par.

Value

Par.

Value

k12
k13
k14
k15
k16

.2
.001
.055
.00084
.0007

k23
k24
k25
k26
k34

.055
.061
.00089
.00084
.2

k35
k36
k45
k46
k56

.00084
.0007
.00089
.00084
.2

Fig. 2.9(b) indicates two peaks at resonance, 8.4 MHz, and 8.67 MHz which coincides with experimental results. In theory, any increase in the k24 coeﬃcient will
reduce power transfer. If the A and B coeﬃcient of the setup is operating at maximum
eﬃciency, there is no obvious way of improving power transfer when there is significant coupling between TX resonant coils. Time multiplexing between transmitters
could be implemented where one of the coil is detuned or turned oﬀ while the other
is transmitting [33]. This provides similar power transfer levels as the SISO case.
Transmitting with only one coil would appear to be more eﬃcient. A 12dB diﬀerence
is seen when comparing the results in Fig. 2.3 and Fig. 2.9(b). The placement of the
TX coils should be at a distance such that there is insigniﬁcant interaction between
TX coils but at a minimum angle orientation to increase TX and RX coupling. The
optimum position for such a case for the two TX and one RX scenario is by placing
all three coils in a single axis. The TX coils are placed at two opposite ends with the
RX coil positioned in the middle [24]. Therefore, all coils are on the same axis at a
0◦ angle. Fig. 2.10 decribes the aforementioned positioning.
Tight coupling between TX only, RX only and both RX and TX result in a
frequency splitting eﬀect. Cases for diﬀerent distances involving RX and TX cou-
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Fig. 2.10. Optimal positioning for a 2TX and 1RX experimental
setup. This setup reduces coupling between transmitters while maximizing the coupling coeﬃcient between TX and RX by having a 0◦
angle on the same axis.

pling have been discussed extensively with various solutions for mitigating power
degradation especially for the SISO case. The received output gain through multiple
transmitters as obtained in this thesis remains true for the RX and TX frequency
splitting case. Fig. 2.11 shows simulations results indicating the 6dB (assuming
similar characteristics of experimental setup in Fig. 2.1) for the overcoupled region,
and both overcoupled together with transmitter to transmitter resonant coupling. As
seen in the results, the eﬀects of having two transmitters (6dB gain) are consistent
when compared to the single transmitter case. The general framework for added gain
presented is valid for both tight coupling between TX and RX and coupling between
TX resonant coils. Tight coupling in the overcoupled region would result in frequency splitting and thus reduce power transfer eﬃciency at the intended resonance
frequency.

2.4

Diversity eﬀect of the multiple transmitter setup
Besides gain advantage, power transfer reliability is enhanced through multiple

transmitters. In certain practical scenarios, foreign metal can interact with the TX
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Fig. 2.11. Simulation results for the overcoupled mode (frequency
splitting) including TX-TX resonant coupling for the 2TX and 1TX
case. A 6dB gain is seen for the two transmitter case.

resonant coils and cause the coil’s self inductance to change. A shift in resonance
can cause huge power losses due to the resonant coil’s high Q factor. Therefore,
readjusting the resonance to the correct value is crucial. There are limitations to how
much tuning can be done due to reduced magnetic ﬂux coupling and power losses
from eddy current formation.
A good conductor will allow circulating eddy currents when exposed to a changing
magnetic ﬁeld. This phenomenon produces an opposing magnetic ﬁeld that reduces
the coil’s magnetic ﬁeld and thus reduces its inductance. From (2.1), a decrease in
inductance will result in a higher resonant frequency. The Q-factor of the resonant
coil can be calculated by


ωL
1 L
Q=
=
(2.13)
R
R C
√
at its resonant angular frequency ω = 1/ LC. A decrease in the coils inductance

will also result in a lower Q. To achieve acceptable power transfer eﬃciencies, the
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lumped capacitor is readjusted to a higher value to help realign the resonant frequency.
Equation (2.1) is used to estimate the retuned lumped capacitor value.

A

B

Fig. 2.12. (A) Experimental setup for the metal sheet covering half
the resonant coils area. (B) Metal sheet covering a signiﬁcant portion
of the resonant coils area

An experiment (see Fig. 2.12) consisting of a TX pair coil and a single pick up
coil receiver was conducted to understand the eﬀects of having a metal interferer
within close proximity of the resonant coil. An aluminum metal plate with dimension
17.3 × 12.2 × 0.1 cm was used. The separation between each coil was 0.04 m with
axes aligned. The resonant frequency and corresponding peak output voltage were
observed with an oscilloscope. Fig. 2.13 shows results for three cases: 1) no plate, 2)
aluminum plate covering half the coil area, and 3) covering the entire coil area.
Using the Sencore LC meter, the inductance of the coil when the metal sheet
covered half and the entire area was measured at 5.35μH and 4.27μH respectively.
Adjusted capacitance values of 67.1pF and 83.9pF were needed to reshift the resonance. The freespace condition had a theoretical total capacitance of 58.85pF. It is
important to remember that during practical tuning of the lumped capacitor, parasitic
capacitance should be taken into account.
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Fig. 2.13. Resonant frequency shift due to metal objects present. Two
diﬀerent scenarios are present where an aluminum plate is covering
half the coils area and one that fully covers the area

As seen in Fig. 2.13, for the ‘full metal’ covering case, it is impractical to retune
the resonance as there is still a signiﬁcant amount of power degradation (18 dB) after resonant tuning. This is primarily due to signiﬁcant reduction in the coupling
coeﬃcient between the TX and RX. One can think of the metal as a magnetic shield
where the majority of the magnetic ﬁeld lines ﬂow within the metal and back to the
TX coil. For the ‘half metal’ covered case, an initial 26dB power loss is reduced to an
acceptable 2.5dB loss after retuning. In theory, if only resonance detuning occurred
without loss of coupling, adjusting the capacitance value would regain original results.
Multiple transmitters introduce a diversity eﬀect that reduces the probability of outage and also maintains a certain quality of standard with regards to power transfer
when compared with the SISO case.
The method of measuring and retuning the resonance is suitable for permanent
internal interference such as placing coils within an electronic device containing metal
content. For external type interference, detaching the system and retuning the system
using an LCR analyzer is not feasible. Therefore, an automatic system to automat-
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ically detect if the resonance is below or above the optimum frequency is needed.
Monitoring the resonant frequency of the coil in real time is necessary and such a
system for automatic capacitance tuning is subject of our ongoing research. Also,
there needs to be a set threshold value for which the system should regulate or stop
transmitting power due to power losses incurred at the metal object, as this will also
save power consumption and reduce potential safety hazards due to unintentional
heating.

2.5

Simulation results for a 2TX-1RX MISO interference scenario
The case for metal interference for the two transmitter setup in Fig. 2.1 was not

experimentally performed. Simulations regarding resonance detuning were conducted
for the cases explained previuosly for the two transmitter case. However, reduction
of the coupling coeﬃcient values due to eddy current formation and partial blockage
of the magnetic ﬁeld to the receiver were not performed. The results are shown in
the ﬁgure below:
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Fig. 2.14. Simulation results for the three cases (freespace, half covered metal int., full covered metal int.) with regards to the experimental parameters used in the two transmitter setup (Fig.2.1). Retuning
not performed. Inductance values for the half and full interference
case are 5.35μH and 4.27μH respectively.

As seen in Fig. 2.14, there is a 16.6dB reduction in the half covered case while the
full covered case had a reduction of 20.98dB. The metal interference was simulated
on TX1 while TX2 was without any interference. The combined received transfer
function value at the receiver behaves almost as if only TX2 was transmitting since
the additional gain due to TX1 is minimal. Fig. 2.15 shows simulation results with
retuned capacitance values to get the correct resonance frequency of 8.4MHz. With
proper tuning, if there is no coupling coeﬃcient (k25 ) reduction (which is not feasible
in real life due to eddy current formation and a partially shielded magnetic ﬁeld
which lowers the coupling coeﬃcient), theoretically the system performs as well as
the freespace case. An algorithm for an automatic retuning process is needed and is
subject of our future work.
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Fig. 2.15. Simulation results for the three cases (freespace, half covered metal int., full covered metal int.) with regards to the experimental parameters used in the two transmitter setup (Fig. 2.1). Retuning
of the capacitors for the correct resonance was performed. Adjusted
capacitance value for the half and full interference case is 67.1pF and
83.9pF respectively.

2.6

Practical implementation for the multiple transmitter setup via power
line
The multiple transmitter experiment conducted in chapter II used a dedicated wire

to establish synchronization. One unique way of synchronizing the driving signals is
to utilize the power line infrastructure. This reduces the need of additional wiring or
an RF front end module. Another useful reason for utilizing the power line network
is the ﬂexibility of sending diﬀerent driving frequencies if automatic frequency tuning
is needed in case of frequency splitting in the overcoupled region [16].
Power lines were built primarily for power transmission and were not optimized for
eﬃcient wireline communications. Some of the issues associated with PLC communications include impedance mismatch, absence of EMI shielding and the existence of
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Power Line Connection

Reference
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Coupling Circ.
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Master TX Coil

Coupling Circuit

Coupling Circ.

Phase
& Gain Adj.

Amp.

Wall Outlet
Slave TX Coil

Gain & Phase Adj.

Fig. 2.16. (A) Block Diagram, (B) Picture of the power line communication synchronization technique for multiple transmitter wireless
power transfer via coupled magnetic resonance.

detrimental noise sources varying with both frequency and time. The main objective
of this experiment is to use the already available infrastructure to send a reference
signal in order to synchronize the magnetic ﬁeld transmitted from both transmit coils.
The overall setup for the PLC synchronization technique is shown in Fig. 2.16.

2.7

Coupling circuit & gain and phase adjustment
A coupling circuit is needed to block the power line’s 120 Vrms 60 Hz sinusoidal

signal and to inject the intended driving signal of 8.4 MHz. A high pass ﬁlter with
a reasonable cutoﬀ frequency was used as a medium to channel signals through the
power line network. A high voltage capacitor valued at 100 pF, 1000 V rating together with a 1:1 high frequency transformer (CoilCraft, PWB-1-AL, 0.08–450 MHz
Bandwidth) with an inductance of 40 μH was utilized to pass signals above 2.5 MHz.
The high pass ﬁlter was conﬁgured as an LC ﬁlter. See Fig. 2.18. This circuit conﬁguration is known as a transformer-capacitor coupler design and is used in many

33
PLC products. The advantage of using a transformer is due to its ability to provide
galvanic isolation, impedance matching, and also to act as a limiter in case of high
voltage transients [28].
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R5

-

R1

+

+

R3

Amp. 1

Amp. 2

R4

+

C3

Amp. 3

Output

Fig. 2.17. Gain and phase adjustment circuit diagram.

50 Ohms

Vs

100pF

(8.4MHz)

1:1
40uH : 40uH

Wall Outlet

100pF
1:1
Wall Outlet

Phase
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Transmit
Coil
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Fig. 2.18. Coupling circuit diagram connecting the reference signal
(8.4MHz) to the slave transmit coil via power line communications.

Due to the frequency response of the coupling circuit and the power line itself, the
signal transmitted will have distortion in terms of both magnitude and phase. Therefore, a gain and phase adjustment circuit was needed (Fig. 2.17). An LM6171BIN
National Semiconductor ampliﬁer with unity gain bandwidth of 100 MHz was used
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to drive the power transmitter coils with an external 50 Ω resistor in series with the
output. This particular ampliﬁer was used for theoretical purposes due to the ﬂexibility of modifying or modulating speciﬁc signals for future research and is not capable
of handling high output current. If higher power is needed, a class-E ampliﬁer setup
can be used [32].
The reference signal after traversing the coupling circuit and power line has a peak
to peak voltage of 674 mV, a reduction of 17.4 dB from its original 5 V peak-to-peak
value. In addition, there is a phase diﬀerence of 49◦ corresponding to 16.3 nsec of
delay. The design of the gain and phase adjustment circuit is given in the equations
below. For phase adjustment, ideally, the values for components R3 and C3 as in Fig.
2.17 can be chosen using the transfer function of the basic RC setup
HRC =

Vout
1/(jωC3 )
1 − jωR3 C3
=
=
Vin
1/(jωC3 ) + R3
1 + ω 2 R32 C32

(2.14)

with the magnitude and phase to be

|HRC | = 1/ 1 + ω 2 R32 C32

(2.15)

HRC = tan−1 (−ωR3 C3 )

(2.16)



Values R3 = 11.01 kΩ and C3 = 2 pF provides the necessary phase shift of approximately  HRC = 310.7◦ but causes a decrease in magnitude of |HRC | = 0.6522 or -3.71
dB. The total gain, G, of 21.11 dB is now needed to increase the Vpp from 440mV
to 5V. Each inverting ampliﬁer 1 and 3 in Fig. 2.17 has a gain , G1 = −R2 /R1 and
G3 = −R5 /R4 , where the total gain is the multiplication of G1 and G3 . Gains, G1 and
G3 can be set arbitrarily as long as the total gain equals 11.36 or 21.11 dB. Experimentally, instead of using ﬁxed resistors, variable resistors R2 , R3 , and R5 were used
to manually tweak the gain and phase. This is due to the ampliﬁer’s internal delay
which also varies according to the gain setting. Fig. 2.19(B) shows the corrected
reference signal for the slave transmitter coil. Only a slight phase oﬀset of 5◦ is seen
after phase and gain tweaking.
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Original Signal

(A)

Attenuated Signal PLC output

Adjusted Signal

(B)

Original Signal

Fig. 2.19. (A) 8.4MHz reference signal before phase and gain adjustment. (B) after gain and phase adjustment.

If the positions of the transmitters are static with a relatively stable power line
channel condition, manually tweaking the gain and phase of the synchronization signal would suﬃce. For a more dynamic solution with varying transmitter positions,
an automatic gain and phase tuning system would be more practical. This automatic
solution could incorporate a feedback channel between receiver and transmitter to
automatically adjust its driving signal at the slave transmitter for optimum power
transfer. Communications through the magnetic ﬁeld itself, for example, an RFID
type communication system could be implemented. If a low frequency driving signal is
used, for example the Qi wireless power standard frequency range (100kHz - 200kHz),
phase delays become inconsequential. This reduces the need of an automatic adjustment system and synchronization through PLC proves to be a very simple method
when compared to a wireless solution.
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Fig. 2.20. Transfer Function |VL /Vs | (dB) for experimental measurements for dedicated and PLC synchronization techniques.

2.7.1

Experimental results

Fig. 2.20 shows the measured transfer function of the multiple transmitter setup
using the power line communication synchronization technique together with the dedicated wire technique. The phase and gain adjustment was tuned to work speciﬁcally
at 8.4 MHz resonant frequency. The frequency response of the power line channel
could vary in both magnitude and phase at diﬀerent frequencies. However, for this
experimental setup, it is acceptable since the wireless power transfer system is designed to work at resonance. At 8.4 MHz speciﬁcally, the transfer function of the
PLC synchronization technique performs equally with the dedicated wire technique.

2.8

Conclusion
A multiple transmitter wireless power transfer scheme via coupled magnetic reso-

nance is analyzed using electrical circuit theory. For the case of two multiple transmit
coils, the gain and diversity eﬀect is presented. Negative eﬀect of transmitter resonant
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coupling is shown theoretically and experimentally. Practical synchronization issues
with regard to frequency and phase is presented for the multiple transmitter case.
Experiments were also conducted to gauge the eﬀect of resonant frequency shifting
due to nearby metallic objects. Frequency shifts can be readjusted to the correct
frequency by performing capacitance tuning. A practical synchronization technique
is presented to ensure proper magnetic ﬁeld combining at the receiver coil. This was
done via power line communications with appropriate gain and phase tuning.
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3. TIME DIVISION MULTIPLEXING (TDM) FOR
TIGHTLY COUPLED RECEIVERS
3.1

An Introduction to Multiple Receivers
Multiple receivers in a CMR-type wireless power system can be thought as multiple

users, each with his own receive coil pair. Multiple receive resonant coils are not used
within the same user due to coupling and the physical limit of the coil size. Mobile
devices are generally portable and the area size of the coil is preferred to be as large
as possible to maximize the RX-TX coupling coeﬃcient. This is assuming a sizeable
transmitter for a wide area of charging.
As an introduction, an ideal general N -receiver and single transmitter setup with
negligible coupling between receivers is used to show how received power scales according to the number of N receivers. Using the circuit theory method explained in
Chapter 2, the general current equation for equivalent loads is given by

I LN =

2
M23 VS
jw3 M12
.
4
2
2
4
2
w M12 + 2M12 ZL ZR w + NM23
ZL2 w2 + ZL2 ZR2

(3.1)

M12 is the mutual inductance between the source/load and resonant coils while M23
represents the mutual inductance between the transmitter and receiver resonant coils.
The TX source coil impedance ZS and all the receivers load coil impedance ZL are
assumed to be identical resulting in

ZL = ZS = RL + RN + jwLN = RS + RT X + jwLT X .

(3.2)

RS is the output resistance of the TX and RL is the load resistance value. For
simplicity in writing (3.1), the parameters are kept to be equal including the AC
resistances RN and RT X and the source and load coil’s inductance values of LN and
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LT X . The resonant coil impedance value for the transmitter and all N receivers is
given by
ZR = jwLR +

1
+ RR .
jwCR

(3.3)
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Fig. 3.1. Simulated received voltage with N received coils with varying
k23 values. (N ranging from 1 to 4)
Fig. 3.1 shows the received voltage with varying RX-TX coupling (k23 ). k23 is
the coupling coeﬃcient between the transmitter’s resonant coil and the receiver’s
resonant coil. It is primarily related to the distance between TX and RX. It can
be seen that maximum voltage for diﬀerent N receivers occurs at diﬀerent distances.
If more receivers are added, the distance between RX and TX should be increased
to produce maximum received power. A straight line across the maximum points
(see Fig. 3.1) for each N receivers can be drawn and one can predict the amount
of distance needed for maximum power transfer for N receivers. Another important
point on the signiﬁcance of this line is the region of operation whether one is operating
in the critical, overcoupled or undercoupled region. Points at the line itself are the
critically coupled point while points on the right show an overcoupled region and to
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the left of the line is the undercoupled region. The simulations for N=1,2 and 3 were
simulated using actual simpliﬁed impedance matrices.
If receivers are added, changing the distance for optimum power is impractical
and receivers are typically placed at the same distance with regards to the SISO
case. The distance placed for the single receiver case turns into the overcoupled
region where added receivers experience frequency splitting. One solution to this
problem is by varying the k12 coupling coeﬃcient between the driver/load coil and
its corresponding resonant coil [17] . The adjustment of k12 provides a matching
condition by repositioning the system into the critically coupled state. Table 3.1
shows the received power or voltage information and its power degradation percentage
if operated at the same distance (with regards to the SISO case).
Table 3.1
1xN TX-RX - Received voltage at diﬀerent k23 values. (k12 = 0.2, ∀N )
N

k23

V

k23

Max V

% Voltage Degradation

1
2
3
4

.0129
.0129
.0129
.0129

2.33
1.54
1.15
.9157

.0129
.0091
.0074
.0053

2.33
1.648
1.346
1.165

0%
12.68%
27.0 %
38.22%

As indicated in Table 3.2, adding receivers with the same distance to the SISO
case signiﬁcantly degrades performance. In a practical case, receivers would tend to
be placed near each other and this implies close proximity and equidistance from
all the receivers to the transmitter. As an introduction, non-coupling receivers are
discussed while multiple receiver coupling is discussed in the upcoming chapters. Fig.
3.2 shows the system adapting to receivers being added and an initial solution on how
the k12 coupling coeﬃcient can be adjusted to achieve optimal power transmission.
When taking a closer look at Fig. 3.1, if reduced eﬃciency can be tolerated, one
can operate at further distances with a k12 value of less than 0.0337. At this distance,
a system with up to 4 receivers will be able to achieve equal received power without
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Fig. 3.2. Simulated received voltage with N received coils with varying
k23 values. k12 adjusted for optimum power transfer at k23 = 0.0129

any changes in the system. Operating at loose TX-RX coupling values allows the
ﬂexibility of additional receivers and added additional distance but reduces eﬃciency
when only small numbers of receivers are being powered. The TDM method proposed
in the next section eliminates the need for matching or k12 coupling adjustments and
is intended to be used when receivers are placed close to each other.

3.2

TDM and the Multiple Receiver System Overview

3.2.1

The Multiple Coil Receiver Setup

Multiple receivers for a WPT system can be viewed as a multi-user scenario where
each receiver has only one pair of resonant and load coils. Having multiple receiver
coils on each unit degrades performance by introducing coupling eﬀects within the
system and reduces the geometric size of the coils. The signal processing needed
for multicoil powering has a close relationship to the techniques used in multiuser
communication. In an ideal case where coupling between receivers can be ignored,
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N users can be charged simultaneously by a single transmitter with the total power
divided equally. This reduces cost and clutter by eliminating the use of power cables.
To demonstrate our approach, the two receive coil scenario is considered.
Fig. 3.3 shows the two receiver and single transmitter setup. The phasor current

Fig. 3.3. A one transmitter and two receiver experimental setup with
close RX-RX coupling

can be calculated at each coil loop according to
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(3.4)
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with individual impedances (Zk, ) given by
Z11 = jωL1 + RS + R1
1
jωC2
1
= jωL3 + R3 +
jωC3

Z22 = jωL2 + R2 +
Z33

Z44 = jωL4 + R4 + RL1
Z55 = jωL5 + R5 +

1
jωC5

Z66 = jωL6 + R6 + RL2
Zk, = Z,k = ±jωMk, , k = 

(3.5)

Ik with k = {1, . . . , 6} represents the individual received phasor current at coil k.
Zk, is the corresponding impedance interaction for coils k and  with Z,k = Zk, . VS
denotes the transmitter phasor voltage. Lk is the k-th coil’s inductance value with Rk
representing the AC resistance for coil k. RS is the TX source resistance with RL1 and
RL2 representing the load values for RX1 and RX2 . I4 and I6 in (3.4) represent the
phasor current at each RX load. For simplicity, a loose coupling case is assumed where
cross coupling factors between RX-TX and RX-RX are set to zero. This assumption
provides mathematical insight as to how tight RX resonant coupling aﬀects the load
current. The load current equation becomes very complex if all coupling coeﬃcients
are taken into account. Fortunately, as will be shown in Section 3.5, experimental and
simpliﬁed simulation results only diﬀer slightly with regards to its transfer function
magnitude at resonant peaks.
The Z-impedance matrix given by
⎡
jwM12
0
0
0
0
ZS
⎢
ZR
jwM23
0
jwM23
0
⎢ jwM12
⎢
⎢
ZR
jwM12 −jwM35
0
0
jwM23
Z=⎢
⎢
ZL
0
0
0
0
jwM12
⎢
⎢
⎣
0
ZR
jwM12
0
jwM23 −jwM35
0
0
0
0
jwM12
ZL

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(3.3)
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is used in (3.4) to form a simpliﬁed receiver current equation in I4 and I6 as shown
by

I4 = I6 =

2
M23 VS
jw3 M12
.
4
4
2
2
2
2
2
w M12 + ZS ZR ZL + w ZS ZR M12 + w2 ZR ZL M12
+ (2)w2 ZS ZL M23
2
+ jM35 (−M12
ZL w3 − ZS ZR ZL w)



x

(3.4)

The distance between receivers to the transmitter is assumed to be equal for
simplicity. The assumption is that the distance of tightly coupled receivers have similar distances to the transmitter. Since the resonant coils and load coils are similarly
designed, the impedance component of Z22 , Z33 and Z55 are represented with one variable, ZR . Also, Z66 is equal to Z44 assuming equal load resistances and is represented
as ZL . Z11 is termed as ZS . The coupling coeﬃcient between the driving/load coil
to the resonant coil is represented with the impedance component of jwM12 while
coupling between TX and RX is represented with the jwM23 component. jwM35
represents RX-RX resonant coil coupling.
The Z-impedance matrix can be used to quickly view which coil interaction is
being taken into account for calculating received current in the simpliﬁed condition.
The voltage received at RL1 and RL2 are VL1 = |I4 RL1 | and VL2 = |I6 RL2 |, respectively. Solving (3.4) by inserting (3.3), I4 and I6 can be represented in a simpliﬁed
equation as seen in (3.4). It represents a one TX by two RX setup with RX-RX
coupling.

3.2.2

Frequency Splitting for Tightly Coupled Receivers

Charging multiple coils simultaneously can be challenging due to the interaction
between the coils through the phenomenon of frequency splitting. At a high level,
frequency splitting can be thought of a shift in the eﬀective resonant frequency due to
interaction between the receive coils. In a multiple receiver case, frequency splitting
due to receiver coupling was ﬁrst shown in [9]. The eﬀect of RX-RX coupling can be
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shown theoretically through the simpliﬁed equation in (3.4), where the x term given
by
2
x = jM35 (−M12
ZL w3 − ZS ZR ZL w)

(3.5)

becomes signiﬁcantly large as the mutual inductance M35 increases due to a higher
value of k35 . The coupling coeﬃcient is related to the mutual inductance as shown
by
Mx,y = My,x = kx,y



Lx L y .

(3.6)

The x term (3.14) grows large as the receivers are brought closer to each other
and starts to signiﬁcantly aﬀect the received current due to its presence in (3.4). This
is not obvious in the resonant-inductive method because the coupling term between
receivers is small enough to not aﬀect the overall transfer function unlike the CMR
case. Intuitively, one can think of the CMR-type resonant coil of having much higher
currents that extend the induced magnetic ﬁeld due to its low impedance at resonance. This is one of the main reasons why it achieves longer distances at low TX
and RX coupling coeﬃcients when compared to an inductive or resonant-inductive
scheme. A signiﬁcant x term value in (3.4) creates the splitting eﬀect due to its
resonant properties. The term is a complex value with similar magnitude resonant
characteristics but at diﬀerent phase values in frequency.
In the experimental setup, the distance between RX and TX is set such that
it exceeds the overcoupling region [16] to avoid RX-TX frequency splitting. It is
important to note that depending on the resonant coil coupling (RX-TX, TX-TX or
RX-RX), the transfer function will exhibit resonant peaks at two diﬀerent frequencies.
For TX-TX and RX-RX resonant coil coupling, one peak is situated at the resonant
frequency and the other peak occurs at a higher frequency. RX-TX frequency splitting
has each peak diverging away from the resonant frequency. The impedance seen by
the transmitter is altered when frequency splitting occurs.
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Fig. 3.4. An illustration on how TDM can improve the total average
received power. This example assumes two receivers in a tightly coupled scenario where they are placed very close to each other. RX1
and RX2 share the same average received power over period T . In
this example, the received power is eight times the power received in
the non-TDM mode.

3.2.3

The Time Division Multiplexing Scheme

Time division multiplexing is a concept commonly used in communications to send
and receive data through a shared channel. There is interference between multiple
users if data is sent simultaneously within the same channel and to avoid this, each
user can be served individually using non-overlapping time slots. The TDM technique
for wireless power transfer has a similar analogy where closely coupled receivers add
‘interference’ within the WPT system. If the interfering resonant coil is detuned, the
received signal can be signiﬁcantly increased. Fig. 3.4 gives a brief introduction on
the idea and beneﬁts of TDM implementation for a two receiver case. Each receiver
will detune its resonant coil at a speciﬁc time slot per the transmitter’s instruction.
In the example shown in Fig. 3.4, the receivers detune 50% of the time. Even
though both are powered for half the time, the total average power over time is
signiﬁcantly higher when compared to a system without TDM. The improvement
depends on how tight the coupling is between receivers.
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The TDM periodic cycle time starts from time t = 0 to t = N
j=0 Tj and can
N
be represented as [T0 ,
j=0 Tj ]. T0 is deﬁned to be equal to zero. Tj can be
viewed as the charging duration for the j-th receiver while N is the total number
of receivers present. The unique time slot for the i-th receiver can be written as

i
[ i−1
j=0 Tj ,
j=0 Tj ]. For example, RX1 will have its speciﬁc allocation time of [0, T1 ]
with RX2 having a [T1 , T1 + T2 ] time slot. A generalized received power equation for
user i can be expressed as
i
PRX,i =

j=0

Tj −
N
j=0

i−1
j=0

Tj

Tj

(PT X )

(3.7)

where PT X is the total allocated power. If equal power distribution is used, (3.7) can
be further simpliﬁed as
PRX,equal =

3.3

T j PT X
PT X
.
=
N Tj
N

(3.8)

TDM proof-of-concept through ADS simulation
For a two coil receiver system with very tight coupling, detuning one of the re-

ceivers and transmitting power to only one receiver could provide better transmitted
power. A predetermined coupling coeﬃcient (krx ) threshold value is needed to initiate time multiplexing. There comes a point where powering the coil individually
would produce higher overall received power if multiple receiver coupling becomes too
detrimental. The basic idea is to completely detune one of the two receivers and operate in SISO mode within a certain time slot. The received voltage Vload for a SIMO
case with minute RX-RX coupling and tight coupling is shown in Figs. 3.5 and 3.6
using Advanced Design System (ADS). ADS is used to simulate the SIMO system
in frequency and time domain for cases involving loose and tight coupling situations.
The time division multiplexing solution is also shown in ADS and is presented in time
domain as seen in Fig. 3.7.
The distance between TX and RX is ﬁxed to be equal, hence Vload at both Receivers
1 and 2 are equal. Since the results are the same, we only show the received voltage
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Fig. 3.5. Voltage load (Vload ) at Receiver 1 for a 1 x 2 SIMO system
without RX-RX coupling in frequency and time domain.

Fig. 3.6. Voltage load (Vload ) at Receiver 1 for a 1 x 2 SIMO system
with signiﬁcant RX-RX coupling in frequency and time domain.

at Receiver 1. Fig. 3.5 has a maximum received peak voltage of 222mV. This setup
assumes loose coupling between both TX-RX and RX-RX with a coupling coeﬃcient
of k23 and k25 of 0.00064 and k35 of zero. Fig. 3.6 then shows what happens when
signiﬁcant coupling (k35 = 0.061) is seen between receivers. The voltage received at
Receiver 1 is reduced signiﬁcantly with a value of 43mV. This constitutes an 80%
voltage reduction or a staggering 96% power reduction. Essentially, the whole system
breaks down once receivers come close together. Magnetic resonance coupling brings
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Fig. 3.7. Voltage load (Vload ) at Receiver 1 for a 1 x 2 SIMO system implementing time division multiplexing with signiﬁcant RX-RX
coupling (results in time domain).

great advantages in increasing distance with high eﬃciency but is highly susceptible
to nearby equivalent resonators.
A time division multiplexing technique as seen in communications can be used
to eﬀectively detune one resonator at a time and operate in SISO mode. Basically,
the receiver which is not being charged/powered is invisible to the receiving load.
Hence, the receiver will receive full power in accordance to a 1 x 1 system but only
at its designated slot time. For equal powering times with a 1 x 2 SIMO system, a
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50% duty cycle between Receivers 1 and 2 can be used. The switching times can be
varied corresponding to diﬀerent charge states at the receivers. If one receiver has
full charge, 100% of the switching time can be used by the other receiver. A scheme
to intelligently detune the resonators with synchronized on and oﬀ times is needed in
practice. As of now, we can show this result theoretically through ADS simulations.
Receiving full power for half the amount of time is still more beneﬁcial than having
a continuous 96% degraded received power.
The TDM solution results in a peak received voltage of around 212mV shown in
Fig. 3.7. The on and oﬀ times are synchronized using a common squarewave signal
with a frequency of 10kHz. This gives an on and oﬀ time of 50μs for each receiver. For
our simulation setup, the received average power at each receiver can be calculated
by
Pave =

1
2

2
VRM
S
RL

(3.9)

for a 50% on/oﬀ time. The average power received at each load is then 50% of
the SISO case for the loose coupling case. We compare the results for the RX-RX
receiver coupling with and without the implemented TDM solution. Table 3.2 shows
the received power results for the three cases.
Table 3.2
Received power in mW and percentages for the three cases involving
RX-RX coupling.
Case

Vload (mV)

Pave, (mW)

% Diﬀerence

1x2 or 1x1 No RX-RX coupling
1x2 RX-RX coupling no TDM
1x2 RX-RX coupling with TDM

222
43
212 (50%)

0.493
0.0185
0.225

0%
96%
54.4%

The received power for the RX-RX coupling case with the TDM solution has
roughly 13 times more received power when compared to the non-TDM case. The
results shown in Table 3.2 assume loose coupling between the transmitter and receiver
(large transfer distances). This is why the voltage received for the 1x1 and 1x2 case is
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nearly the same as seen on the left portion of the straight line in Fig. 3.1. It was shown
earlier that if operated at the critically coupled range for the SISO case, the received
voltage is higher when compared to the two receiver case without signiﬁcant RXRX coupling. The advantages of TDM are enhanced further if the RX-TX distance
is closer. Another important beneﬁt of using TDM is that even though half the
average power is transferred, the voltage level transferred is maximized to perform
DC rectiﬁcation. If a suitable synchronization frequency is chosen, the DC output of
the full bridge rectiﬁer can be made smooth with a carefully chosen capacitor value.
Fig. 3.8 is the overall SIMO system circuit diagram simulated in ADS. Experimental data is is discussed further in Section 3.5.2.

Fig. 3.8. ADS schematic diagram used for loose, tight and time division multiplexing simulation of the 1x2 SIMO system.

Proper synchronization among the receivers is needed to turn on at speciﬁc time
slots. Ideas range from a synchronized timing clock which is available to all receivers
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to indicate when their speciﬁc turn on/oﬀ time is. The downside of time multiplexing
is that the amount of power transferred approaches zero as the number of receivers
increase to inﬁnity. This is primarily due to the charge/power on time because only
one coil can be turned on at the same time.
If the location or coupling coeﬃcient between receivers could be accurately determined, an increase in the number of receivers could be obtained by simultaneously
powering loosely coupled receivers. For example, in a three receiver case, where they
are lined up in a row, only the middle coil would be tightly coupled with its left and
right coils. This enables slightly loose coupling between the left and right coils and
both coils could be powered on with only the middle receiver detuned. An illustration
is shown in Fig. 3.19 and is explained further in Section 3.6.1.

3.4

TDM Circuit Implementation for Detuning and Synchronizing
Tight coupling between resonant RX receivers will result in a reduction of induced

current at both resonant coils. Interactions between RX resonant coils being induced
from a single synchronized source will produce opposing magnetic ﬁelds between each
other. This occurs regardless of the coil’s winding direction as the TX ﬁeld seen is
identical. The direction of current ﬂow in the circuitry is a function of the coil’s
winding but not its opposing magnetic ﬁeld produced from each RX resonator coil
i.e., Lenz’s Law.
The basic principle behind implementing CMR is to increase magnetic ﬂux or
current at the TX and RX resonant coil to operate eﬃciently under loose coupling
conditions. Coupling between souce or load coils to their corresponding resonant
coil (k12 , k34 , and k56 ) is mostly form factor dependant. The coupling coeﬃcient is
typically high (> 0.1) because of the physical nature of having both coils placed in
close proximity within the device.
The concept behind time division multiplexing is to transfer power to a single
receiver exclusively. Each receiver’s resonant coil is detuned selectively when tightly
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Fig. 3.9. Receiver resonant coil detuning circuitry.

coupled eliminating the eﬀect of frequency splitting. Two important aspects of TDM
are the detuning method and how RX coils are synchronized.

3.4.1

Detuning Circuitry

For a two receiver scenario, one of the receivers is detuned by shorting the coil
which removes its resonant capabilities. It is essentially a shorted inductor coil with
parasitic resonance.
Fig. 3.9 describes the detuning circuitry implemented with two back-to-back 4N28
opto-isolators which are enabled simultaneously with a shared detuning signal. The
opto-isolator is used as a switch with large ground isolation between the resonant coil
and the control logic circuitry. The reason behind doing this is to reduce the amount
of resonant perturbation due to increased parasitic capacitance. The phototransistor
switch is enabled through a gallium arsenide infrared LED. In [32], a detuning circuit
is used only when the receiver is fully charged to increase power tranference for
receivers still in need of power. The detuning technique used in our work requires
fewer components and is easier to implement. If power MOSFETs are used [32] for
detuning, an external diode pointing at the opposite direction of the body diode is
needed due to the body diode of the FET and the AC nature of the received signal.
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Fig. 3.10. Illustration on how synchronization is kept in detuned
mode. Detuned receiver RX1 is receiving the synchronization signal
from resonant coil, L5 of RX2.

This method is more complex as the diode has non-linear junction capacitance which
varies with voltage. It only conducts in a single direction and would require a set of
identical components in the opposite direction.
The 4N28 component was chosen for theoretical purposes and has inherit limitations due to low VCE and VEC max limits of 30V and 7V. The reason behind
having back-to-back optoisolators is to increase the ‘oﬀ’ state max limit voltage to
VCE instead of VEC in the reverse direction.
It is important to include the parasitic capacitance of the entire detuning circuitry.
The addition of the series 4N28 output capacitance, Cd1 and Cd2 , will add to the
overall capacitance of the resonant coil. CL is the added lumped capacitor value with
CP the parasitic capacitance of the resonant coil. The total or eﬀective capacitance,
Cef f , of the resonant coil is given by

Cef f =

Cd1 Cd2
+ CL3 + CP 3 .
Cd1 + Cd2

(3.10)
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The eﬀective capacitance values of C2 , C3 and C5 are stated in Table 3.3. During
detuning, in an ideal case, one can consider the transistor switch as a short and will
detune the resonant coil to the coil’s self resonance. Since the resonant coil has a high
Q-factor, slight changes in the capacitance alone will be suﬃcient to detune the coil.
Detuning is only implemented at each receiver’s corresponding resonant coil and not
at the load coil.

3.4.2

Synchronization Technique

The TDM technique relies on proper synchronization of the detuning signal for
each receiver. Each resonant coil needs to be detuned and powered at its speciﬁc
time slot. During detuning, the power received at the receiver is extremely low such
that no power is transferred from its corresponding detuned resonant coil. However,
due to the close proximity of the two receivers, the nearby non-detuned resonant coil
can be utilized for a continued synchronization signal. The received sync voltage
will typically be low and will depend on how tight cross coupling coeﬃcients k36 and
k45 are between receivers. Fig. 3.10 provides a visual explanation on how a detuned
receiver obtains the synchronized signal. The TDM method only detunes the resonant
coil of the receiver at L3 or L5 while leaving its corresponding load coil of L4 or L6
unchanged.
At tight coupling, both RXs will be in close proximity to each other and this
provides a reasonable assumption of both RXs being equidistance to the TX resulting
in a locked received signal in terms of frequency and phase. The detuned receiver
would be able to use coupling between the adjacent non-detuned resonant coil with
its load coil. The physical conﬁguration of the RX coil either in planar or solenoidal
form dictates how tight this coupling is. Resonant and load coils are separated at
a distance d34 or d56 with similar radii solenoidal coils. If the resonant pairs are
placed on a planar plane for reduced z-height, the TDM method will show substantial
improvements due to tighter coupling between RX coils.
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Fig. 3.11. Receiver synchronization circuitry for each receiver coil pair

Fig. 3.11 describes how synchronization is implemented with the detuning circuitry in both receive pairs. The output of the receiver is fed into a comparator
(LT1720) with a reference voltage (Vref ) of 33mV. Having the voltage threshold at
this level has advantages in terms of mitigating noise when no TX is present and
also for automatic adjustment of the synhronization circuitry. The threshold value is
physically dependant on the receiver coil’s coupling and should be tuned such that
an adjacent coil can be detected without having false triggers. The output of the
comparator is fed into a 14-bit counter which outputs a divided frequency. This is to
acquire a slower switching logic signal to turn on and oﬀ the detuning circuitry. The
most signiﬁcant output, Out14 is chosen such that the receive frequency of 8.4MHz
is divided by 214 . A detuning frequency (fdet ) of approximately 512 Hz is used as an
enable signal for the detuning circuit’s optocouplers. Since the output of the counter
has a max current limit of 20mA, a PMOS switch is used to power the infrared LED
of both optocouplers. Providing enough power for the LED is important to ensure
maximum current transfer ratio for eﬃcient detuning.
The comparator, counter and detuning circuitry is powered from each receiver’s
battery for simplicity. For a two receiver TDM solution, one of the receivers uses an
inverted reference to receive a 180◦ out-of-phase signal for detuning. This ensures
a 50% duty cycle on and oﬀ time for both receivers. This technique of achieving
the inverted signal is done for experimental purposes. Additional hardware can be
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Table 3.3
Parameter Values
Par.

Value

Par.

Value

Par.

Value

Par.

Value

RS
R1
R2
R3
R4
R5
R6
RL1
RL2

50 Ω
.053 Ω
.265 Ω
.265 Ω
.053 Ω
.265 Ω
.053 Ω
100 Ω
100 Ω

L1
L2
L3
L4
L5
L6
C2
C3
C5

.30 μH
6.10 μH
6.11 μH
0.3 μH
6.12 μH
.3 μH
58.9 pF
58.8 pF
58.7 pF

k12
k13
k14
k15
k16
k23
k24
k25
k26

.175
.0035
.0025
.0035
.0025
.00425
.0035
.00425
0.0035

k34
k35
k36
k45
k46
k56

.175
.06
.02
.02
.01
.175

added to achieve diﬀerent duty cycles if more receivers are present. It is important
to note that the received signal at similar distances amount to a locked signal in
terms of frequency and phase using the same reference point. The only caveat is
that the counter for each receiver pair is not synchronized in terms of their initial
counting stages. However, using an appropriate reference signal at the comparator
helps synchronize this initial counting stage oﬀset. Basically, both receivers will be
counting at a slightly diﬀerent frequency where it will start drifting due to missed
transitional signals below the reference signal of the comparator until an equilibrium
point is reached corresponding to its received original frequency of 8.4MHz.

3.5

Simulation and Experimental Results and Analysis
The experimental setup for tightly coupled receivers is shown in Fig. 3.12. Pa-

rameters for the entire setup used for simulation are shown in Table 3.3. Methods
of determining the parameters are described in [1]. The distances d12 , d34 and d56
between the driver/load coil to their respective resonator coil were set at 4.2 cm with
the distance between TX and RX resonant coil, d23 and d25 placed at 28cm apart.
The transmitter source, VS has a frequency of 8.4 MHz coinciding with the coil’s
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Fig. 3.12. Experimental setup for receiver tight coupling

resonance. After measuring the inductance of the resonator coil, Cef f is derived from
the known RLC resonant frequency equation as such

Cef f =

1
4π 2 f02 L

.

(3.11)

f0 is the resonant source frequency and L is the inductance value of the coil. The
theoretical value of the capacitance calculated is used as reference for determing
the lumped capacitance value since the coil itself introduces parasitic capacitance.
Careful adjustments of the capacitor are needed due to the resonator’s high Q-factor.
The Q-factor is dependent on the resistance of the coil as well as the corresponding
inductance and capacitance as shown by
ωL
1
Q=
=
R
R



L
.
C

(3.12)

k35 is the coupling coeﬃcient between RX resonant coils and is the key factor in
determining how far the frequency splits away from the source frequency. The higher
the coupling, the further away the second peak is from resonance. Even though a
peak is present at resonance, the overall transfer function is reduced signiﬁcantly.
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Fig. 3.13. Picture of (A) Detuning circuitry and (B) Synchronization circuitry

If planar coils are used, coupling between receivers is of concern since devices can
easily be stacked on each other. Our work focuses on a solution to ensure that
wireless power transfer still functions due to a minimum voltage requirement for
proper rectiﬁcation. However, there is a 50% reduction of total power transferred as
the receiver is switching at 50% duty cycle.
TDM can be understood as if the detuned resonant coil is non-existent within
the system. For simulations, there are two ways of obtaining the equivalent SISO
(N = 1) transfer function assuming negligible cross coupling by either assigning
zero coupling to any interactions with the designated detuned resonant coil or use a
drastically diﬀerent lumped capacitor value. Both methods will result in the same
transfer function as

IN,RX =

2
M23 VS
jw3 M12
.
4
2
2
2
2
4
2
w M12 + Z11 Z22 Z66 + w Z11 Z22 M12 + w2 Z22 Z66 M12
+ (N )w2 Z11 Z66 M23
(3.13)

(3.13) is an ideal simpliﬁed general transfer function equation for N receivers with
vanishing interaction between them. It is important to understand that in an ideal
condition, charging two receivers will always have lower simultaneous received power
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Fig. 3.14. RX-RX resonant coil tightly coupled transfer function |VL1 |
without TDM implementation

for two receivers when compared to the single receiver case. Hence, at a tightly
coupled condition, detuning will tremendously increase the amount of power received
when switched to SISO. The received current is ultimately increased as the variable
N reduces to 1 while also eliminating the added denominator x term (3.14) in (3.4)
explained in the Section 3.5.2.
Due to the ﬁxed physical setup between resonant and source/load coil, the tightest
coupling between receiver resonant coupling can be seen in Fig. 3.12.

3.5.1

Tight RX-RX coupling without TDM implementation

Fig. 3.14 shows simulation and experimental transfer function results for a tightly
coupled RX system without TDM implementation. Frequency splitting is the eﬀect
of tight RX-RX coupling at a k35 value of 0.06. Peaks are seen at the source frequency
of 8.4MHz and 8.67 MHz, respectively. Even though resonance is seen at the driving
frequency, the overall transfer function is lowered considerably by more than 9dB
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Fig. 3.15. RX load output in tight RX-RX coupling without TDM

when compared to the SISO case seen in Fig. 3.17. This results in rectiﬁcation issues
when the voltage received is much lower than the intended input voltage. If a low
drop out (LDO) regulator is used at the back end, this could result in a non-workable
solution where the received DC voltage after rectiﬁcation is lower than its minimum
input voltage.
A general 1TX - N RX case (3.13) assumes negligible coupling between N receivers.
As the number N of receivers increase, the assumption of having negligible RX-RX
coupling becomes less achievable. The simpliﬁed Equation (3.4) represents the 1TX2RX case of N = 2 receivers with signiﬁcant coupling (k35 > 0.01). This tight RX-RX
coupling results in an additional x term, given by
2
x = jM35 (−M12
Z66 w3 − Z11 Z22 Z66 w)

(3.14)

in the denominator of (3.4).
RX-RX coupling coeﬃcient of k35 increases as receivers are brought closer to each
other. Hence the value of x increases due to a higher M35 value which in turn reduces
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Fig. 3.16. Experimental and simulation transfer function |VL1 | results
for an RX-RX tightly coupled case with TDM implementation

the overall induced current at the receiver. The idea of TDM, is to eliminate this
added x factor. Another important beneﬁt of TDM is the fact that (3.13) improves
by having N = 1 during detuning which mimics a SISO case. During detuning, the
resonance coil can be disregarded as if it is invisible to the overall system.
Fig. 3.15 shows experimental received voltages at both loads RX1 and RX2 without any detuning method. The source frequency is operating at the system’s resonant
frequency of 8.4MHz. The peak to peak voltage (Vpp ) seen at both RX1 and RX2 is
measured to be 760mV with an equivalent VRM S value of 268.7mV. Power transferred
to each receiver with a ﬁxed 100Ω load is calculated to be 0.72mW. It will be shown
in the next subsection that received power can be increased despite operating only
half the time.
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Fig. 3.17. RX load output in tight RX-RX coupling with TDM method

3.5.2

Tight RX-RX coupling with TDM implementation

Fig. 3.16 shows simulation and experimental transfer function results for a tightly
coupled RX system with TDM implementation. The magnitude of RX1 with RX2
detuned shows an increase of approximately 9dB. Fig. 3.17 shows the experimental
measurement at both loads in TDM mode. The time division or allocated time for
each coil is set at a 50% duty cycle with a synchronization frequency of 512Hz. The
received ‘ON’ voltage is measured to be 2239.2mVpp with an ‘OFF’ voltage or detuned
voltage of 364.8mVpp . The power transferred to a tuned load has a VRM S of 791.7mV
with 6.26mW power transferred to the load. Since the load is switching on at half
the frequency, the average power received is halved at 3.13mW. A simple division by
two works for a 50% duty cycle detuning signal. The average power dissipated at the
load can be calculated by

PRX

 

2
VRM
1 1 x 2
S
2
=
=
Vp sin(2πf0 t) dt
RL
RL T 0

(3.15)

where a 50% duty cycle detuning signal with period T will have an x value of T /2.
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Table 3.4
TDM Received Power Improvement
TDM

RX Vrms

Trans.Func.

RX Avg. Pow.

% Power Inc.

No
Yes

268.70 mV
791.68 mV

-20dB
-11dB

0.72mW
3.13mW

335%

In (3.15), T has a value of 1/fdet (1/512 = 2ms) where power is transferred
during the ﬁrst T /2 seconds. Despite operating at half the amount of time, there is
a 4.3 times increase of received average power in T seconds when compared to the
always detuned case shown in the previous subsection. Theoretically, having power
equally distributed between eight receivers (T /8) will still have more average power
transferred at 0.78mW each. This is with the assumption that all eight receivers are
equidistance between TX and RX and have negligible coupling between each other.
Fig. 3.17 shows RX1 and RX2 measurements with TDM implemented. It is
perfectly synchronized with the detuning signal of each receiver diﬀering by 180◦ .
‘RX1 Receiver’ (green) and ‘RX2 Receiver’ (red) is the voltage drop at their corresponding load. The transfer function plotted in dB is used to show that regardless
of the actual source voltage value, it will scale accordingly. Ideally, if there were no
component limitations, one could insert a relatively high valued voltage source with
the output scaling according to the corresponding transfer function plot. In this case,
at resonance, the received magnitude is approximately -11dB compared to -20dB for
the tightly coupled case without TDM.
Table 3.4 gives a summary of the improvements seen using TDM. Columns ‘RX
Vrms ’ and ‘Trans. Func.’ in the table are instantaneous values while ‘RX. Avg. Pow.’
is the average power received. There is a 335% increase in received average power
when TDM is implemented. The improvement is highly dependant on how tight the
coupling is between receivers. Tight coupling of the receivers is needed for proper
TDM synchronization as the detuned receiver depends on cross coupling between
resonant and load coils.
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Fig. 3.18. Timing visualization on how thresholds γ and Vref are
compared for both receivers during TDM monitoring.

3.5.3

TDM Scheduling Implementation Strategy

The dissipated power at the load without TDM, P , and with 50% TDM, PT DM ,
can be shown as:
P =

X2
(Xa)2
, PT DM =
RL
2RL

(3.16)

where X is the received RMS voltage at a tightly coupled receiver without TDM and
a the multiplication factor introduced to indicate the increase in voltage with TDM.
The TDM average power equation PT DM in (3.16) is divided by two due to detuning.
√
If a has a value of 2 after detuning, the resultant power transferred is the same
with and without TDM. As receivers are brought closer together, TDM should be
√
implemented only when a > 2. Using experimental results from Section 3.5.2 as
√
an example, the multiplication factor a has a value of 2.95 which is higher than 2.
This is obtained by dividing the TDM received RMS voltage of 791.68mV with the
non-detuned voltage of 268.7mV.
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The next practical step is to determine when to start TDM. The experimental
data shown in Section 3.5.2 had an always on TDM mode. WPT standards such
as A4WP [34] and Qi [35] have a communication method using load modulation to
handshake between TX and RX. Assuming two receivers are powered simultaneously,
the TX will let both receivers know there are a total of two systems being powered.
Once this is known, each receiver will start to monitor received voltage levels and start
detuning at diﬀerent time slots. Since they share the same synchronized frequency,
simultaneous detuning can be avoided. An indicator signal from the detuning circuit’s
comparator threshold (Vref ) is also needed to check if the receivers are close to each
other. A threshold voltage value, γ is used to determine if detuning is suitable given
the amount of coupling between the receivers:

γi = aXi , a =

√

2

(3.17)

The subscript i indicates diﬀerent values received in time when the threshold is
checked during non-detuning and detuning.
As long as two receivers are tightly coupled and are in communication with the
transmitter, each receiver will monitor its voltage received in detuning and nondetuning mode to compare with the comparator, Vref threshold and updated γ threshold. If the receivers are moved away from each other, the initial indicator from the
comparator will disable TDM. At a tightly coupled scenario, if the received voltage is
below γ during checks, the receiver should halt TDM as it will have a lower received
average power. Monitoring initiates only when the transmitter indicates another receiver is present. Fig. 3.18 provides a visual explanation on when each receiver should
sample the received voltage X, Xc and Xγ before and during detuning of each re√
ceiver. TDM is turned on if Xc > Vref and Xγ > 2X and is turned oﬀ if Xc < Vref
√
√
and/or Xγ < 2X occurs. If a has a value between 1 and 2, TDM should not
be initiated. The 2.95 value of a showed in Section 3.5.2 shows a received voltage
√
higher than the γ threshold of 380 mV which is the multiplication of 2 with an X
value of 268.7mV. Hence, TDM implementation increases the average received power.
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Fig. 3.19. Dynamic TDM enhancement for three receivers.

Optimizing the detuning time for monitoring and how frequently it is done is left for
future work.

3.6

TDM enhancements and Future Work

3.6.1

Dynamic TDM mode for N receivers

Most of the TDM work was shown in the simplest receiver coupling case which has
only one transmitter and two receivers. If three receivers are present, time sharing
between three devices further divides the allocated power. Hence, as the number of
receivers, denoted by N, increases, the receive power is reduced by a factor of N.
However, tight receiver coupling often involves close distances and not all receivers
share the same distance to each other. If three receivers, RX1 , RX2 and RX3 are
closely aligned in a line with RX2 positioned in the middle, RX1 and RX3 can be
turned on simultaneously as they are not tightly coupled. For RX2 , it will be tightly
coupled to both RX1 and RX3 . Fig. 3.19 helps explain the intended three receiver
TDM dynamic mode enhancement. The ability to determine the coupling between
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Fig. 3.20. A typical lithium-ion battery charging proﬁle. Two common modes of constant current and constant voltage is shown versus
time.

receivers would dramatically enhance this proposed TDM scheme. Simultaneous powering of receivers which are not tightly coupled have improved overall eﬃciencies.
The dynamic TDM mode would require nearby coil information to determine
which coil is tightly coupled. If a communication link between receivers can be established, then knowing each receiver’s distance between each other and synchronously
sharing time bandwidth could lead to increased eﬃciencies when tightly coupled.

3.6.2

Tunable TDM detuning based on receiver battery capacity state

Sections 3.4 and 3.5 showed improved power transfer perfomance using a 50%
duty cycle between two tightly coupled receivers. The method of detuning was ﬁxed
at equal charging times and was used as a proof-of-concept on how TDM in general
could be used in a tightly coupled receiver scenario. Further enhancements by using an
adjustable detuning signal which takes into account the charge state of the receiver’s
battery could boost charging times by intelligently partitioning the amount of power
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needed. For example, if a receiver is fully charged in a two receiver case, the unit
should be detuned completely and allow a 100% duty cycle charge time for increased
power transfer to the other receiver.
Fig. 3.20 shows a typical lithium-ion battery charging proﬁle. Two typical modes
of charging consist of the constant current and constant voltage mode. The battery
current is constant at the latter stage and tapers oﬀ exponentially in the constant
voltage mode. It is assumed that the transmitter knows the battery state of the
receivers. If the voltage reading at the receiver’s battery is lower than the constant
voltage threshold (4.2V for the example in Fig. 3.20), a max 1C charge is typically
sourced into the battery. A 1C charge is equivalent to a charge current of one times
the rated battery capacity. For example, a 2200mAh battery pack would have a 1C
charge equivalent of 2.2A. Constant current mode is also commonly referred to as fast
charging and typically ends at a 70% charge state for the battery. For simplicity, for
N receivers in constant current mode, dividing the duty cyle by N would allow equal
charging times assuming equivalent battery capacity. This is easily implementable as
the charge current is constant and does not require monitoring until the threshold
voltage is reached.
The tunable TDM enhancement would prove beneﬁcial if one or more of the
receivers are operating in the constant voltage mode where the power needed is lower.
In practice, there are limitations to the total output power a charging station can
provide. For the Qi standard, the receiver sends control packets to adjust the received
power level. Based on this information, a simple detuning algorithm can be used as
shown by
Wi
Di = N

i=1 Wi

(100%)

(3.18)

where Di is the non-detuning time allocation of the i-th receiver. Wi represents the
requested power information sent by receiver i to the transmitter. N represents the
total number of receivers seen by the TX. The detuning signal is an active high signal
where the coil is charged at the low input and detuned at the high input of the signal.
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Fig. 3.21. A tunable TDM example for three receivers RX1 , RX2
and RX3 with a two, ﬁve, and one watt power requests. A low signal indicates charging or powering in which the resonant coil is not
detuned.

Fig. 3.21 shows an example for N = 3 receivers with W1 , W2 and W3 requested
power values of 2W, 5W and 1W respectively. Plugging the requested power numbers
in (3.18) gives the corresponding charging times of [0,0.25T ], [0.25T ,0.875T ] and
[0.875T ,T ] respectively. T is deﬁned as the TDM periodic cycle time. If the power
source is constrained to a total available power of 5W, using (3.7), the received power
will be divided to 1.25W, 3.125W and 0.625W, respectively. The TX charging station
will provide the necessary time slots based on this information. Once Di is known,
the TX needs to let each receiver know their designated detuning times. Proper
synchronization between receivers is needed to ensure unique turn on times for each
receiver.
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3.7

Conclusion
The coupled magnetic resonance (CMR) technique increases operating spatial

freedom with enhanced eﬃciencies at lower coupling coeﬃcients. However, coupling
between receivers gives rise to new challenges as resonator coils are more susceptible
in tight coupling conditions. Degradation of received power levels is seen in a tightly
coupled multiple receiver case as interfering magnetic ﬁelds reduce overall induced
current at the receivers. A time division multiplexing scheme is developed to mitigate
this eﬀect and has been proven theoretically and experimentally. As support for
multiple receivers gains traction, the TDM method provides a compelling solution for
tightly coupled receivers.
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4. FUTURE WORK: TRADEOFF ANALYSIS OF
SIMULTANEOUS POWER AND INFORMATION
TRANSFER
4.1

System Model overview
Fig. 4.1 shows the basic circuit model of a coupled magnetic resonance coupling

system. It is a representation of a SISO system with a source coil L1 and a load coil
of L4 . Both transmitter and receiver consist of their corresponding resonant coil of L2
and L3 . The simulation parameters are based on the actual experimental coils used
in Chapters 2 and 3. Table 2.2 and Table 3.3 are used for all resistance, capacitance
and inductance values.

Fig. 4.1. A coupled magnetic resonance inductive circuit model.

The model is viewed as a frequency selective channel with AWGN noise added at
the load [36] . The system equation is described as

y0 (t) = yl (t) + z(t)

(4.1)

where y0 represents the output seen after adding AWGN noise, z of N0 variance, to
the output seen directly at the load. The main diﬀerence between the CMR setup and
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the inital investigation by Pulkit et al. [36] is primarily the total system eﬃciency.
The eﬃciency of the system termed η(f ) is directly related to the fading parameter,
h(f ) as is commonly used in wireless communication theory. It is the total power
delivered, Pdel divided by the total available power, Pavl as given by
η(f ) = |h(f )|2 =

Pdel (f )
.
Pavl (f )

(4.2)

The power consumed at the receiver or delivered power, Pdel is the product of the
load resistance, RL with the squared value of the received RMS current, I4 :
Pdel = |I4 |2 RL .

(4.3)

The total available power, Pavl can be calculated by
Pavl = |I1 |2 (RS + R1 ) + |I2 |2 R2 + |I3 |2 R3 + |I4 |2 (R4 + RL)

(4.4)

which is equivalent to the total power dissipated across all resistances. The output of
the power source will depend on the coupling or load seen from the source side. The
RMS current I1 . . . I4 for each loop is given by
⎡
⎢
⎢
⎢
⎣

I1
I2
I3
I4

⎤

⎡

⎥ ⎢
⎥ ⎢
⎥=⎢
⎦ ⎣

jwM12 jwM13 jwM14
ZS
jwM12
ZR
jwM23 jwM24
jwM13 jwM23
ZR
jwM34
jwM14 jwM24 jwM34
ZL

⎤−1 ⎡
⎥
⎥
⎥
⎦

⎢
⎢
⎢
⎣

VS
0
0
0

⎤
⎥
⎥
⎥
⎦

(4.5)

where the individual impedances in the Z-matrix in (4.5) are given by
ZS = jωL1 + RS + R1
ZR = jωL2 + R2 +

1
jωC2

ZL = jωL4 + RL + R4
with the mutual inductance, Mkl given by (2.3). Solving for each individual RMS
current in (4.5), it can be plugged into the eﬃciency equation given known coupling
coeﬃcients as shown by
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|I4 |2 RL
.
η=
|I1 |2 (RS + R1 ) + |I2 |2 R2 + |I3 |2 R3 + |I4 |2 (R4 + RL)
4.2

(4.6)

Capacity formulation
The capacity equation for the inductively coupled scheme uses Shannon’s AWGN

channel capacity based on the receiver’s signal to noise ratio. Work by [36] was the
ﬁrst to consider the problem of simultaneous information and power transfer for a
WPT system. The following equation was derived on the assumption that the signal
received at the load is corrupted with thermal noise which is Gaussian in nature.
However, unlike in communications, the power being sent is much higher than the
thermal noise seen resulting in very high SNRs. The main problem is the fact that the
system source frequency in a CMR-type WPT system typically uses zero bandwidth
which pumps maximum power at a ﬁxed frequency. The bandwidth of the system is
zero if a single sinusoid is used mainly for power transfer.
The capacity equation can be written as:

C = Δf



log2 (1 + SN R) = Δf

n

i=1

log2 (1 +

ηi P i
)
N0

(4.7)

with ηi and Pi corresponding to the system’s eﬀeciency and allocated power for each
channel. Δf is the ﬁxed bandwidth value used for each i-th slot. Since the analysis
is done in the discrete case, the smaller Δf value will provide better correlation with
the continous case.
The capacity shown in (4.7) is to be optimized with the following constraint of
having the total sum for each i-th transmit slots, Pi bounded by the total available
power, Pavl given by
n


Pi ≤ Pavl .

(4.8)

i=1

The optimization result of using only an available power constraint is the waterﬁlling
solution at a given delivered power value. Having an increased delivered power above
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this value will result in less information being sent. Hence, there is a tradeoﬀ between
having maximum information rate or maximum power delivered.
The delivered power constraint is of the following
n


ηi Pi ≥ Pdel

(4.9)

i=1

with ηi the system eﬃciency at the i-th channel. Using the following two chosen
constraints of bounding the total power, Pavl and a minimum bound for the delivered
power, Pdel the capacity is

C(Pdel , Pavl ) = n

i=1 ≤Pavl

max
n
,

n


i=1

ηi Pi ≥Pdel

log2 (1 +

i=1

ηi P i
).
N0

(4.10)

The optimized input power for each i-th channel Pi ∗ can be found using the Langrangian method by introducing non-negative multipliers λ and μ as such

Λ=

n

i=1

log2

η i Pi
1+
N


−λ

n



Pi − Pavl


+μ

n


i=1


ηi Pi − Pdel

= 0.

(4.11)

i=1

To obtain the waterﬁlling solution, (4.11) is diﬀerentiated with respect to Pi and is
set to zero as given by
dΛ
ηi

=
dPi
N log(2) 1 +

ηi P i
N

 − λ + μηi = 0

(4.12)

resulting in the optimum power allocation Pi ∗ for each i-th channel as such
∗

Pi =

N
log2 (e)
−
λ − ηi μ ηi

+

.

(4.13)

The superscript ‘+’ in (4.13) indicates a minimum value of zero or a positive number
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as the transmit power cannot have negative values in practice. If there is no Pdel constraint, the resulting transmit power, Pi∗ will result in the maximum information rate
at the current system setting. If the maximum value of information is wanted, the μ
value is set to zero indicating only the power source constraint which reduces (4.13) to

Pi =

4.3

log2 (e) N
−
λ
ηi

+

.

(4.14)

Simulation Results and Analysis

Fig. 4.2. Eﬃciency plot vs. frequency and k23 coupling coeﬃcient (distance)

The setup used for simulation is a coupled magnetic resonance system in a singleinput single-output case. Before looking into the tradeoﬀs between information and
power transfer rates, an explanation of the system in terms of its eﬃciency and
transfer function is needed. There are three diﬀerent regions in which the TX and
RX can operate, they are the critically coupled, overcoupled and undercoupled region.
The overcoupled region is where frequency splitting occurs. The transfer function will

77
result in two resonant peaks that deviate from the original resonant frequency of both
the resonant coils and power source.
Fig. 4.2 shows a 3D plot of the eﬃciency vs. frequency and the k23 coupling
coeﬃcient. This coupling coeﬃcient represents the distance between TX and RX.
The eﬃciency plot starts to exhibit frequency splitting at a k23 coupling coeﬃcient
value of 0.0029. Hence, with this system, critical coupling occurs at coeﬃcient value
of 0.0029 with undercoupling occuring at k23 values less than 0.0029 and overcoupling
happening at values above 0.0029. If looked closely at Fig.4.2, the eﬃciency at the two
resonant peaks is 55% and 50% respectively. It starts to plateau at a value above a
k23 coupling coeﬃcient of 0.007. This is important as the capacity is calculated based
on the eﬃciency of the system as the power needs to be constrained. If observed
closely again, the eﬃciency value peaks at extremely low coupling coeﬃcients as if
operating at a far distance will provide even higher transfer rates. This of course is
false as the power transferred is extremely low even though the eﬃciency is high.

Fig. 4.3. Receive power vs. frequency and k23 coupling coeﬃcient (distance)
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The received power 3D plot with the same axis components is shown in Fig. 4.3.
This is the transfer function plot that is commonly used in the wireless power transfer
research community as this shows the amount of power received at varying distances.
Given a 10V voltage source, the received power is maxed out at approximately 0.5W
starting from the critical coupling region to the overcoupled region at a maximum k23
coupling coeﬃcient of 1. Work by [17] relies on changing the source/load coil distance
to their corresponding resonant coil to avoid frequency splitting while [26] employs
an adjustable matching network to readjust the region to be criticially coupled. This
is due to the need of a ﬁxed source frequency. Both of these methods will adjust the
region of operation to the critically coupled mode. Research by [16] however uses
a frequency tracking system to adjust the source frequency to one of the resonant
peaks. It would be important to point out that the eﬃciency seen at this resonant
split frequency provides equal received power but at lower eﬃciencies when compared
to the critically coupled mode. The power souce in this simulation is a voltage source
with an unconstrained current limit which ﬂuctutates according to the impedance
seen.
4
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Using only the total power constraint (4.8), the capacity at varying distances is
studied. Simulation results in Fig. 4.4 indicate very interesting results which clearly
show a peak and a plateau region where the capacity is ﬂat. The maximum capacity
peak occurs at the critically coupling point at 0.0029 and starts to ﬂatly taper oﬀ to a
coupling coeﬃcient of 1 within the overcoupled region. Results show that to achieve
maximum capacity, the system should be operating at the critically coupling point.
Fig. 4.5 describes the waterﬁlling power alogrithm allocation where power is
prioritized to the channel with least noise. The noise power, PN is modelled as an
AWGN source with variance N0 scaled with the eﬃciency function ηi as given by

PN,i =

N0
.
ηi

(4.15)

Using (4.7), the capacity can be rewritten as

C = Δf

n

i=1

log2 (1 +

Pi∗
).
PN,i

(4.16)

The allocation power given a varying k23 coupling coeﬃcient with respect to frequency
is shown in Fig. 4.5. Fig. 4.6 describes the total available power at diﬀerent frequencies and distance. The circuit model uses a ﬁxed voltage source without a current limit
which changes the available power depending on the eﬀective load seen. The capacity
simulation in (4.4) is assuming ﬁxed power. It is important to note that the received
power shown in Fig. 4.3 has an available output power that changes according to
the load. To get a clearer picture at a ﬁxed available power constraint condition,
the voltage source in the simulation would have to be dynamically changed for equal
power output. This is one of the reasons why methods used by [16] although simple
to perform are not optimal in terms of maximing information rate and subsequently
the overall eﬃciency of the system.
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Fig. 4.5. Allocated power vs. frequency and k23 coupling coeﬃcient (distance)

Fig. 4.6. Transmitter power vs. frequency and k23 coupling coeﬃcient (distance)

4.4

Tradeoﬀ analysis between information and power transfer
The simulation results shown in Section 4.3 covered the maximum information rate

without regards to a constrained delivered power. Future work to analyze capacity at
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diﬀerent delivered power levels is of great interest. A CVX MATLAB optimization
toolbox extension [40] developed by Prof. Boyd’s group is a suitable candidate to
analyze this data using both constraints. We have used it to verify the results shown
in [36] and would prove to be useful in analyzing the tradeoﬀs particularly to the
coupled magnetic resonance wireless power transfer method. This analysis is subject
of future work.
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5. SUMMARY
In this dissertation, we analyzed the practical considerations in implementing multiple transmitters for wireless power transfer via coupled magnetic resonance. The gain
and diversity eﬀect of having multiple transmitters was discussed. Transmitter resonant coupling degradation eﬀects were shown theoretically and experimentally. The
practical issues pertaining to transmitter signal synchronization in terms of frequency,
phase and gain was shown. Interference scenarios such as foreign metal interaction
was also discussed. The innovation of using the electrical mains for TX synchronization was devised and experimentally proven.
A novel time division multiplexing method for mitigating tightly coupled receivers
in the CMR setup was proposed. The reason and solution behind the degradation
eﬀects of having tightly coupled receivers were shown mathematically and experimentally. For the setup used in this work, a 335% increase in average received power
was achieved. The detuning and synchronization circuitry was explained in detail.
Methods of initiating TDM and future TDM enhancements of a dynamic TDM mode
and an intelligent tunable TDM was described.
The future work of analyzing the capacity seen on the CMR wireless power transfer
method was simulated using parameters used in Chapters 2 and 3. It was shown that
maximum capacity can be achieved at the critical coupling point of the system.
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